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ABSTRACT 


The  harmonic  power  generation  capability  of  IMP ATT  diodes  is 
investigated  theoretically  and  experimentally.  The  existing 
computer  simulation  program  for  IMPATT  diodes,  employing  the  drift- 
diffusion  model,  is  used  to  investigate  four  different  conventional 
double-drift  IMPATT  diodes  operated  in  the  active  mode  and  three 
pin  diodes  with  different  lengths  operated  in  the  passive  mode 
at  a  fundamental  frequency  of  23  GHz.  For  conventional  IMPATT 
diodes,  the  depletion-layer  modulation  effect,  which  strongly 
depends  on  the  diode  doping  structure,  is  essential  for  harmonic 
power  generation.  Because  of  the  moderate  dependence  of  the 
harmonic  current  on  the  terminal  RF  voltage,  and  GaAs  and  Si 
uniform  diodes  seem  to  be  promising  devices  for  harmonic  power 
generation.  The  GaAs  uniform  diode  can  achieve  the  highest  third- 
harmonic  efficiency,  of  the  order  of  l+.l  percent,  while  the  Si 
uniform  diode  can  achieve  the  highest  third-harmonic  power  of 
the  order  of  1.116  W. 

In  the  case  of  pin  diode  structures ,  the  device  length 
determines  the  device  RF  power  performance  since  it  determines  the 
space-charge  and  transit-time  effects,  both  of  which  in  turn  affect 
the  build-up  and  fall-off  of  the  induced  current.  The  optimum 
device  length  for  achieving  the  highest  third-harmonic  power  is 
approximately  0.827  um.  However,  over  100-percent  conversion  of 
efficiency  from  the  fundamental  input  power  to  the  third-harmonic 
output  power  can  be  achieved. 

An  analytic  model  for  three-frequency  operation,  without 
considering  the  depletion-layer  modulation  effect,  was  developed 
to  investigate  the  GaAs  double-Read  diode.  The  calculated  results 
showed  that  the  third-harmonic  power  is  low  and  the  presence  of 
the  diode  series  resistance  significantly  decreases  it. 

Several  waveguide  circuits  were  designed  for  measurement 
of  the  RF  power  of  GaAs  double-Read  diodes  and  Si  single-drift 
uniform  diodes.  The  best  measured  RF  power  levels  for  the  GaAs 
diodes  are  175  at  22.5 8  GHz,  2  mW  at  1+5-59  GHz  and  17  uW  at 
67.69  GHz,  and  those  for  the  Si  diodes  are  15  mW  at  32.1+3  GHz, 

0.17  mW  at  64.95  GHz  and  2.2  pW  at  the  third-harmonic  frequency. 
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CHAPTER  I 


INTRODUCTION 

1.1  Historical  Background 

An  IMPATT  diode  is  a  solid-staxe  device  that  employs 
avalanche  breakdown  and  transit-time  effects  to  produce  a  negative 
resistance  at  microwave  frequencies  and  above.  The  concept  of 
transit-time  negative  resistance  was  first  introduced  by  Shockley1 
in  195U.  He  demonstrated  that  the  transix-time  effect  could  produce 
a  negative  resistance  in  a  pnp  structure  and  such  a  device  was 
successfully  fabricated2  in  1971.  The  IMPATT  diode  was  proposed  by 
Read3  in  1958.  The  diode  Read  proposed  required  a  narrow  highly 
doped  region  followed  by  a  low-doped  region.  The  prescribed  doping 
profile  was  beyond  the  state  of  the  art  of  silicon  (Si)  technology 
at  that  time;  the  initial  results  for  fabricating  IMPATT  diodes  was 
disappointing.  In  1965,  a  Si-IMPATT  diode  having  a  simple  p-n 
junction  was  successfully  fabricated  by  Johnston  et  al.4  and  it 
demonstrated  RF  power  generation  at  microwave  frequencies. 

Since  1965,  progress  in  IMPATT  diodes  has  been  rapid.  The 
progress  achieved  is  ma  .ly  due  to  the  improvement  in  heat  sink 
design,  advances  in  fabrication  technology,  and  development  of 
theoretical  models.  The  important  improvement  in  heat  sink  design 
is  due  to  the  use  of  diamond5  as  a  heat  sink  and  the  use  of  an  inte¬ 
grated  heat  sink.6  Both  heat  sink  designs  permitted  high  CW  powers 
to  be  achieved.  The  recent  advance  in  fabrication  technology, 
such  as  the  use  of  MBE,7has  made  it  possible  to  realize  various 
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doping  profiles  for  "both  GaAs  and  Si  diodes.  Therefore,  diodes  can 
be  optimally  designed  for  maximum  power  generation  and  efficiency. 

The  development  of  theoretical  models  (simplified  and  numerical) 
has  made  a  significant  contribution  to  the  understanding  of  the 
behavior  of  the  diodes  and  has  provided  important  information  for 
diode  design.  Simplified  modeling8-11  (modifying  Read's  original 
work)  has  successfully  included  the  effects  of  drift-region  space 
charge,  unequal  field-dependent  ionization  rates,  and  velocities. 
Despite  the  assumptions  adopted,  it  provides  a  good  description  of 
device  behavior.  Numerical  modeling  of  these  devices12’13  has  become 
an  effective  method  in  understanding  the  behavior  of  diodes  under 
various  conditions  and  in  achieving  the  optimum  diode  design. 

Recently,  numerical  modeling  has  been  extended  to  include  relaxation 
time  effects,14  which  play  an  important  role  in  millimeter -wave  diodes. 
Due  to  thermal  and  electronic  limitations,15  IMPATT  diodes  show  a 
frequency  dependence  in  output  power.  The  output  power  drops  quickly 
as  the  frequency  increases.  However,  since  GaAs  IMPATT  diodes  have 
lower  noise  levels  than  Si-IMPATT  diodes  and  yield  better  efficiencies, 
a  great  deal  of  effort  has  been  expended  recently  to  improve  their 
performance  at  millimeter-wave  frequencies.  Recently,  GaAs 
modified-Read  profile  IMPATT  diodes  have  been  studied  extensively16-13 
and  very  good  results  at  frequencies  up  to  60  GHz  have  been  achieved. 

An  IMPATT  diode  is  inherently  a  nonlinear  inductive  device 
due  to  the  avalanche  process.  When  the  diode  is  employed  in  ? n 
oscillator,  harmonics  will  be  generated.  These  harmonics  can  interact 
with  the  fundamental  signal  and  influence  the  performance  of  the 
diode  at  the  fundamental  frequency.  The  influence  of  harmonics  was 
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observed  both  experimentally  and  thecrec  i  .’ally  by  zany  researchers 
such  as  Swan,19  Blue20  and  Schroeder  and  Haddad. 2  -  They  concluded  that 
the  presence  of  harmonics  can  modify  the  'base  relaticnshiu  between  the 
fundamental  voltage  and  current;  therefore,  the  fundamental  efficiency 
can  be  improved  if  the  waveforms  of  the  harmonics  are  appropriate.  To 
understand  these  harmonic  effects,  KuvSs  and  Lee,22  Mouthaan2 3 ’24  and 
Brackett25  separately  established  analytical  models  for  two-frequency 
operation  and  tried  to  determine  the  criteria  for  stable  oscillation. 
Mouthaan,24  however,  considered  the  possible  harmonic  power  generation 
from  diodes  under  two-frequency  operation.  His  model  can  provide 
insight  into  the  interaction  between  the  device  and  circuit.  Since 
then  harmonic  effects  and  related  power  generation  from  diodes  have 
not  received  too  much  attention  even  though  diodes  are  frequently 
employed  for  the  purpose  of  frequency  conversion.  This  is  partly 
because  (l)  diodes  can  still  provide  reasonable  amounts  of  fundamen¬ 
tal  power  at  desired  frequencies  and  (2)  complex  circuits  are  required 
for  harmonic  power  generation  from  diodes.  However,  due  to  the 
frequency  dependence  in  device  performance,  harmonic  power  generation 
may  become  an  alternative  way  to  generate  RF  power  as  the  desired 
frequency  increases. 

The  power  combining  technique  is  often  adopted  in  IMPATT 
oscillators  for  providing  higher  output  power.  Since  the  first 
IMPATT  combiner  at  X-band  was  successfully  designed  by  Kurokawa*"6 
in  1971 »  various  IMPATT  combiners  have  been  proposed  and  designed 
for  efficiently  combining  the  fundamental  power  from  several  IMPATT 
diodes.  In  1982,  a  harmonic  power  combiner27  was  proposed.  This 
combiner,  by  utilizing  a  symmetric  circuit,  can  combine  the  desired 


harmonic  power  from  devices  and  extend  the  operating  frequency 
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range  of  devices  by  a  harmonic  number  n.  This  scheme  can  ease 
fabrication  difficulties  for  millimeter-wave  IM?A TT  diodes  because 
only  low-frequency  diodes  are  needed  for  power  generation  at  a  high 
frequency.  However,  the  diodes  used  in  this  combiner  are  required 
to  be  capable  of  generating  sufficient  harmonic  power  and  providing 
reasonable  impedance  levels  at  the  desired  frequencies  for  matching. 

In  addition,  a  symmetric  circuit  is  required  for  effectively  combining 
the  harmonic  powers  from  diodes.  The  latter  requirement  can  be 
achieved  by  integrated  circuit  technology.  A  detailed  investigation 
is  carried  out  here  to  determine  the  potential  and  capabilities  of 
harmonic  power  generation  in  these  devices. 


1.2  State  of  the  Art  of  IMPATT  Diodes 

The  performance  of  IMPATT  diodes  is  limited  by  several  factors, 
such  as  semiconductor  material  properties,  series  resistance,  package 
parasitics,  heat  sink  design,  fabrication  technique,  and  doping 
structure.  Other  limitations  on  device  performance  are  related  to 
designing  a  circuit  for  optimum  performance.  Since  device-circuit 
interaction  is  quite  complicated  due  to  the  nonlinearity  of  an  IMPATT 
diode,  harmonic  effects  may  not  be  completely  ignored  in  determining 
the  optimal  matching  circuit.  However,  it  is  not  easy  to  find  sue:: 
optimal  matching  circuits. 

Progress  has  been  made  recently  in  GaAs  IMPATT  diodes  for  CM’ 
oceraticn  and  Si  IMPATT  diodes  for  pulsed  operation.  The  best  experi- 
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mental  resuits  retorted  m  the  literature  :cr  bom.  Si 


and  GaAs  IMPATT  diodes  are  listed  in  Tables  1.1  and  1.2  and  plotted 


Table 


*SD  denotes  a  single-drift  structure  and  DD  denotes  a  double-drift  structure. 
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Pulsed  SD  1  Schawarz  and  Bonek1 


Table  1.2  (Cont 


in  Figs.  1.1  and  1.2.  The  thermal  limitations  (l/f  slope)  and 
electronic  limitations  (l/f2  slope)  are  also  indicated  in  both  figures 


For  Si  IMPATT  diodes,  a  significant  amount  of  power  in  pulsed 
operation  has  been  achieved  for  frequencies  up  to  200  GHz.  Output 
powers  over  50  mW  in  CW  operation  for  frequencies  throughout  the 
100  to  200  GHz  range  have  been  reported.  The  power  output  data  of 
Si  devices  for  both  CW  and  pulsed  operations  closely  follow  l/f  and 
l/f2  slopes.  Transition  for  l/f  to  l/f2  occurs  around  80  GHz  for  CW 
operation  and  70  GHz  for  pulsed  operation. 

The  performance  of  GaAs  IMPATT  diodes  in  CW  operation  has  been 
significantly  improved  recently.  Efficiencies  of  l8  to  35  percent 
have  been  achieved  for  frequencies  below  U1+  GHz.  In  terms  of  power 
output  and  efficiency,  GaAs  IMPATT  diodes  show  better  performance  in 
CW  operation  for  frequencies  up  to  60  GHz  than  Si  IMPATT  diodes. 
However,  GaAs  IMPATT  diodes  have  not  worked  well  for  frequencies 
higher  than  100  GHz. 

Because  of  electronic  limitations,  the  fundamental  power 
available  from  an  IMPATT  diode  decreases  as  the  square  of  frequency 
in  the  millimeter-wave  region.  Thus  the  available  output  power  at 
the  fundamental  frequency  oj^,  denoted  by  P^uj^),  can  be  written  as 

P  (w  )  =  K/u)2  , 

ii  l 

where  K  is  a  proportionality  constant.  At  the  frequency  =  nu^ 
the  available  output  power  becomes 

=  K/u2  = 
n 


P  (u  ) 


P  (w  )/n2 


POWER  OUTPUT, 


where  n  is  an  integer.  Since  the  IMPATT  diode  is  a  nonlinear 

device,  the  output  power  at  the  frequency  u  can  also  be  achieved  by 

extracting  the  nth  harmonic  power  from  the  IMPATT  diode  working  at 

the  fundamental  frequency  gj  .  P  (co  )  is  denoted  as  the  nth  harmonic 

1  n  n 

power  available  from  the  IMPATT  diode  self-pumped  or  externally 
driven  at  the  frequency  .  The  harmonic  power  approach  may  yield 
higher  output  power  than  a  fundamental  source  if 


P  (oj  )  >  P,  (oj  ) 

n  n  in 


is  satisfied.  In  other  words,  this  requires  that  the  conversion 
efficiency  from  the  fundamental  power  to  the  desired  harmonic  power 
Eff  (uq)  must  satisfy  the  following  inequality: 


This  inequality  is  the  criterion  for  determining  whether  the  harmonic 
power  approach  is  better  than  the  fundamental  power  approach.  From 
the  state  of  the  art  of  devices,  the  fundamental  power  falls  off 
more  quickly  at  very  high  frequencies  than  that  expected  from  the 
electronic  limitations.  Hence,  the  harmonic  power  approach  may  become 
attractive  at  very  high  frequencies. 


1.3  Simple  Analysis  of  IMPATT  Diodes 


The  basic  large-signal  characteristics  oi 


diodes  can 


be  understood  best  by  considering  an  ideal  Read  diode.  For  an  ideal 
reverse-biased  Read  diode,  its  structure,  electric  field  distribution, 
and  current  and  voltage  waveforms  are  shown  in  Fig.  1.3.  The 


narrow  n  region  in  this  Read  diode  is  referred  to  as  the  avalanche 
region  where  the  avalanche  process  occurs;  the  intrinsic  region  is 
referred  to  as  the  drift  region  where  carriers  drift  at  saturated 
velocities . 

The  power  generation  mechanism  of  a  Read  diode  can  he  under¬ 
stood  from  Fig.  1.3.  When  a  fundamental  voltage  V  is  applied  to 
the  diode  terminals,  a  charge  carrier  pulse  is  created  in  the  avalanche 
region  due  to  the  avalanche  process  and  is  injected  into  the  drift 
region.  This  injected  pulse,  peaked  at  0^  =  it  ,  moves  through  the 
drift  region  and  is  collected  at  the  far  end  of  the  diode.  The 
movement  of  the  charge  carriers  induces  a  current  at  the  device 
terminals.  The  induced  current  usually  appears  in  the  second  half 
cycle  of  RF  voltage  for  a  properly  designed  diode.  This  implies 
that  the  induced  current  has  a  180  degree  phase  angle  difference 
relative  to  V  .  In  other  words,  the  diode  can  generate  RF  power. 

A  simple  analysis  for  harmonic  power  generation  of  an  IMPATT 

diode  will  be  carried  out  by  assuming  that  the  imposed  harmonic 

voltage  which  is  much  smaller  than  the  fundamental  voltage  ( ) 

has  no  effect  on  the  injected  and  induced  current  waveforms  shown 

in  Fig.  1.3.  The  injected  current  having  a  width  of  0  is  assumed 

tc  be  symmetric  about  0  and  the  transit  angle  is  given  by  0  . 

m  a 

By  taking  the  average  of  the  induced  current,  the  dc  current  can 
be  obtained: 


dc 


1_ 

2tt 


f2ir 


I.  .dcjt 

md 


I 

max 

2tt 


(1.1) 


The  fundamental  and  harmonic  current  phasors  are 
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From  the  preceding  equations  several  conclusions  may  be  drawn: 

1.  The  harmonic  power,  efficiency  and  current  are  inversely 
proportional  to  the  harmonic  number  n. 

2.  The  sharper  the  injected  current  is,  the  higher  the  harmonic 
power  and  efficiency  are. 

3.  Higher  harmonic  power  and  efficiency  can  be  achieved  if  the 

modulation  ratio  V  /V,  is  high  or  the  transit  angle  is  small. 

n  dc 

Based  on  the  ideal  induced-current  waveform  shown  in  Fig.  1.3, 
the  harmonic  current  is  usually  lower  than  the  fundamental  current. 
However,  for  a  practical  diode,  there  are  several  mechanisms  which 
can  modify  the  induced  current  waveform  and  enhance  the  harmonic 
current  amplitude.  They  are  due  to:  (l)  depletion- layer  modulation, 
(2)  asymmetric  doping  structure  and  (3)  material  property.  For 
simple  consideration  of  waveform  modification,  the  sharp  pulse 
approximation  is  adopted  and  the  induced  current  has  a  waveform  as 
shown  in  Fig.  l.U.  The  dc  current  is 

,  c  2tt  I  A I 

=  T  ^-v-  p  +  ^-ax  p 

^dc  2n  q  ind  2tt  d  2tt  “a 

=  ( 9  .  +  A  9  )  .  (1.9) 

eir  a  a 

The  fundamental  and  harmonic  current  rhasors  are 
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The  dc  and  RF  powers  are 


P  =  I  V 
dc  dc  dc 


(1.12) 
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The  efficiencies  are 
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From  the  preceding  equations  it  is  obvious  that  the  harmonic  power 
can  be  improved  if  the  induced  current  is  optimized.  Furthermore, 
a  dip  in  the  induced  current  waveform  (A  <  0)  can  enhance  signifi¬ 
cantly  the  harmonic  power.  However,  the  fundamental  power  may  become 
negative  (i.e.,  the  device  absorbs  power)  and  the  self-pumping 
requirement  cannot  be  satisfied. 

The  preceding  simple  analysis  reveals  some  factors  for  deter¬ 
mining  the  harmonic  power  generation  of  IMPATT  diodes.  However, 
the  interaction  between  the  fundamental  and  harmonic  signals  is  not 
negligible  in  an  IMPATT  oscillator  and  the  device  impedance  level 
is  important  in  the  design  of  an  IMPATT  oscillator  circuit.  Both 
will  be  considered  in  detail  in  this  study. 


1.1  Outline  of  the  Present  Stud' 


The  purpose  of  this  study  is  to  investigate  the  capability  of 
:armcr.ic  power  generation  from  both  GaAs  and  Si  IMPATT  diodes.  To 
ichieve  this  purpose,  computer  simulation  and  analytic  equations  are 
.sei  to  understand  the  behavior  of  IMPATT  diodes  in  the  presence  of 
larmonic  components,  and  waveguide  circuits  have  been  designed  to 
:easure  the  harmonic  rower  from  available  IMPATT  diodes.  The 


'.ensured  results  and  theoretical  calculations  are  ccmrared. 


A  detailed  outline  for  each  chapter  follows.  In  Chapter  II, 
computer  simulations  for  two-frequency  operation  are  carried  out 
for  both  C-aAs  and  Si  diodes  with  various  doping  profiles ,  such  as 
uniform,  hybrid,  double-Read  and  pin  structures.  The  simulation 
results  for  regular  structures  under  active  mode  operation  and  pin 
diode  structures  under  passive  mode  operation  are  compared  in  terms 
of  the  maximum  dc  electric  field,  harmonic  current  amplitudes, 
injected  current  width,  depletion  layer  modulation  effect,  and 
practical  design  considerations  (i.e.,  thermal  and  circuit  matching). 
Guidelines  of  the  optimum  design  for  harmonic  power  generation  are 
also  given.  In  Chapter  III,  an  analytic  model  for  three-frequency 
operation  is  developed  by  extending  Mouthaan's  two-frequency  model. 
This  model  with  simple  assumptions  is  used  to  investigate  the  diode 
behavior  under  multi frequency  operation,  the  interaction  between  the 
device  and  the  circuit,  and  to  determine  the  criteria  for  stable 
oscillation  and  optimum  loading  conditions  for  maximum  harmonic  power 
generation.  In  Chapter  IV,  waveguide  circuits  for  one,  two  and  three 
frequencies  are  designed  to  measure  the  fundamental  and  harmonic 
powers  for  available  GaAs  and  Si  IMPATT  diodes.  The  conversion 
efficiencies  and  harmonic  powers  measured  are  discussed  in  detail. 

In  Chapter  V,  a  summary  of  the  investigation  and  suggestions  for 
further  research  are  given. 


CHAPTER  II 


LARGE-SIGNAL  SIMULATION  OF  Si  AND  C-aAs  IMPATT  DIODES 


2.1  Introduction 

In  this  chapter,  the  nonlinear  properties  and  related 
harmonic  power  generation  of  IMPATT  diodes  are  investigated  in 
detail.  The  nonlinear  properties  of  the  devices  are  characterized 
by  frequency-domain  simulation  under  single-frequency  and  multi¬ 
frequency  operations.  The  device  nonlinearity  arises  from  three 
main  mechanisms,  i.e.,  avalanche  multiplication,  the  drift  process, 
and  depletion-layer  modulation.  These  three  mechanisms,  subject  to 
device  structure  and  material  parameters,  are  carefully  studied  and 
their  effects  on  the  injected  and  induced  current  waveforms  are 
determined.  Furthermore,  the  induced  current  is  Fourier  analyzed 
and  the  effect  on  the  harmonic  content  of  the  induced  current  due 
to  the  interaction  between  fundamental  and  harmonic  voltages  is 
examined.  Harmonic  power  generation  in  these  devices  is  emphasized. 

The  IMPATT  device  is  considered  for  operation  in  two  modes, 
the  first  mode,  which  is  referred  to  as  the  active  mode,  the  device 
oscillates  at  the  fundamental  frequency  but  power  is  extracted  from 
the  device  at  the  desired  harmonic.  Because  of  the  requirement  of 
self -oscillation,  the  device  must  be  terminated  at  the  fundamental 
with  a  reactive  load  or  a  load  having  small  positive  resistance. 
Under  this  situation,  the  harmonic  power  is  calculated  by  matching 
the  device  with  1-Q  resistance  at  the  desired  harmonic.  Comparison 
of  harmonic  power  generation  among  various  device  structures,  such 
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as  double-drift  Read,  double-drift  uniform,  and  double-drift  hybrid 
structures,  is  performed  for  Si  and  GaAs  at  the  same  frequency. 

Each  structure  is  punched  through  at  breakdown  and  is  optimized 
at  the  same  fundamental  frequency.  Since  the  device  dimension  is 
small,  heat  sinking  may  impose  a  serious  problem  for  device  design. 
Therefore,  the  thermal  limitation,  together  with  circuit-matching 
considerations,  will  be  taken  into  account  when  the  harmonic  power 
from  each  structure  is  determined. 

In  the  second  mode  of  operation,  a  pin  avalanche  diode, 
utilized  as  a  frequency  multiplier,  is  driven  by  an  external  fun¬ 
damental  source  and  power  is  extracted  from  it  at  the  desired 
harmonic.  Since  avalanche  multiplication  occurs  uniformly  through¬ 
out  the  entire  intrinsic  region,  no  distinct  drift  region  exists 
in  this  diode.  The  induced  current  may  have  a  sharp  waveform,  which 
is  equivalent  to  the  case  of  A  >  0  in  Fig.  l.U,  and  the  harmonic 
current  contained  in  the  induced  current  is  expected  to  be  high, 
which  favors  harmonic  power  generation.  Several  pin  diodes  with 
different  device  lengths  are  investigated  for  their  capabilities 
to  convert  the  external  fundamental  power  to  the  desired  harmonic 
power  at  different  dc  current  densities.  Both  circuit  matching 
and  thermal  limitations  are  taken  into  consideration  when  calculating 
the  harmonic  power  from  each  pin  diode. 

Throughout  this  simulation,  the  static  drift-diffusion  model 
is  employed,  although  it  is  known  that  for  GaAs  IMPATT  devices, 
relaxation-time  effects  become  significant  in  the  millimeter-wave 
frequency  range.  The  fundamental  frequency  chosen  in  this  study  is  23 
GHz  and  the  device  temperature  is  assumed  to  be  500°K.  The  highest 
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harmonic  considered  is  the  third  one.  The  phase  angles  of  the 
fundamental  and  harmonic  current  and  voltage  phasors  are  measured  with 
reference  to  the  fundamental  voltage  ohasor . 


2.2  Description  of  Computer  Simulation  Program  and  Material  Parameters 
The  computer  simulation  program  used  in  this  study  was  orig¬ 
inally  developed  by  Bauhahn66  and  later  modified  by  Mains.67  This 
program  solves  the  one-dimensional  transport  equations  including 
distributed  avalanche  multiplication  of  carriers  end  field- 
dependent  velocities  and  diffusion  coefficients  for  electrons  and 
holes.  The  transport  equations  are  as  follows: 

Continuity  Equation  for  Holes 

3J 


=  G  .  _J 1 


(2.1) 
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P  P 

n  n 

t  =  the  time  ( s ) , 

x  =  the  distance  (cm), 

p  =  the  hole  density  (cm-3), 

n  =  the  electron  density  (cm-3), 

J  =  the  hole  current  density  (A* cm-2), 

P 

J  =  the  electron  current  density  (A*cm-2), 
n 

G  =  the  impact  avalanche  generation  rate  of  charge  (C  cm-3/s), 

E  =  the  electric  field  intensity  (V/cm), 

q  =  the  electronic  charge  (C), 

e  =  the  dielectric  constant  (F/cm), 

=  the  donor  concentration  (cm-3), 

N,  =  the  acceptor  concentration  (cm-3), 

A 

V  =  the  hole  velocity  (cm/s), 

P 

v  =  the  electron  velocity  (cm/s), 
n 

D  =  the  diffusion  coefficient  of  holes  (cm2/s), 

P 

D  =  the  electron  diffusion  coefficient  (cm2/s), 
n 

a  =  the  hole  ionization  rate  (cm-1),  and 

p 

a  =  the  electron  ionization  rate  (cm-1), 
n 

Various  numerical  techniques  are  employed  to  solve  the  trans¬ 
port  equations  to  obtain  dc,  small-signal,  and  large-signal  results. 
Upper-wind  differencing  is  particularly  used  for  the  drift  terms  in 
the  continuity  equations.  Dirichlet  boundary  conditions  are  employed 
for  majority  carriers  at  their  respective  inflow  points;  however, 
mixed  boundary  conditions  are  employed  for  minority  carriers  at  their 
respective  inflow  points  so  that  the  sum  of  drift  plus  diffusion  com¬ 
ponents  of  currents  equals  a  fixed  specific  value  (saturation 
current ) . 


A  diagram  showing  the  sequence  and  inter-relationship  among 
various  programs68  is  illustrated  in  Fig.  2.1.  The  program  MOBIN 
is  used  to  generate  a  material  parameter  file  needed  for  dc  and  ac 
simulations.  The  DC  and  AC  programs  are  run  together  to  obtain  dc 
solutions.  The  dc  solutions  are  either  printed  out  or  plotted  by 
the  IPLOT  program.  Before  running  the  SMASIGBC  program  to  obtain 
small-signal  G-3  data,  the  DCBIAS2BC  program  must  be  run  to  refine 
the  dc  solutions.  This  program  employs  an  implicit  numerical  method 
and  can  obtain  very  accurate  dc  solutions.  The  AC  and  IMPEXP  pro¬ 
grams  are  used  for  large-signal  ac  simulations.  The  dc  solutions 
serve  as  starting  points  for  the  ac  simulation.  The  IMPEXP  program 
is  the  only  program  to  solve  the  transport  equations,  and  an  explicit 
numerical  method  is  employed  for  this  program. 

Material  parameters  play  key  roles  in  the  performance  of  IMPATT 
devices.  Therefore,  the  parameters  used  for  simulation  should  be 
chosen  carefully  so  that  simulation  results  are  comparable  with 
experimental  results.  However,  some  available  experimental  data 
for  the  material  parameters  are  inconsistent,  for  example,  the 
ionization  rates.69-71  These  inconsistencies  result  in  quite  dif¬ 
ferent  simulation  results.72  Furthermore,  some  of  the  parameter 
values  at  high  fields  are,  unfortunately,  not  well  known.  It  was 
decided  to  use  those  adopted  by  Mains73  since  they  result  in  better 
agreement  with  experimental  results. 

Ionization  rates  for  electrons  and  holes  are  important 
parameters  for  IMPATT  devices.  The  ionization  rates  used  for  Si 
are  the  data  of  Lee  et  al.69  which  show  good  agreement  with  the 
formulation  of  Baraff.74  The  ionization  rates  used  for  GaAs  are 
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in  accordance  with  the  measurements  carried  out  at  Raytheon 

(see  Reference  73).  In  general,  the  ionisation  rates  for  electrons 

and  holes  can  be  expressed  as 


and  has  the  following  form: 
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However,  the  hole  diffusion  coefficient  is  taken  to  be  a  constant. 

The  values  of  all  parameters  appearing  in  Eqs.  2.7  through 
2.l4  are  listed  in  Table  2.1  for  T  =  500°K.  The  ionization  rates 
as  functions  of  electric  field  are  plotted  in  Fig.  2.2  for 
comparison. 


2.3  Active  Mode  Operation  for  Si  and  GaAs  IMPATT  Diodes 

2.3.1  Introduction.  Silicon  and  GaAs  IMPATT  diodes  in 
active  mode  operation  are  investigated  in  detail  for  their  capabil¬ 
ities  of  harmonic  power  generation.  This  investigation,  which  was 
carried  out  by  computer  simulation,  is  focused  on  four  different 
diode  structures:  GaAs  double-drift  Read,  GaAs  double-drift  uniform, 
Si  double-drift  hybrid,  and  Si  double-drift  uniform.  Each  struc¬ 
ture  is  optimized  at  the  frequency  of  23  GHz  in  single-frequency 
operation.  The  optimized  dc  current  density  and  doping  profile 
are  used  in  subsequent  simulations  for  the  calculation  of  harmonic 
power  for  each  structure.  There  are  several  reasons  for  using 
these  optimized  quantities:  (l)  It  is  believed  that,  for  a  given 
doping  profile,  an  IMPATT  diode  will  achieve  uniquely  a  maximum 
efficiency  at  the  corresponding  optimum  frequency  and  dc  current 
density  in  single-frequency  operation.  Therefore,  the  optimum 
condition  becomes  the  only  reference  point  for  comparison  of 
device  harmonic  performance;  other  conditions  make  the  comparison 
complicated.  (2)  The  increase  of  dc  current  density  imposes  a 
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EG.  2.2  IONIZATION  RATES  VS.  THE  RECIPROCAL  OF 


ELECTRIC  FIELD. 


serious  thermal  problem  on  device  operation  due  to  the  temperature 
rise  and  degrades  the  fundamental  efficiency  due  to  space-charge 
effects.  Therefore,  it  is  best  to  operate  the  diode  at  its  optimu 
dc  current  density.  (3)  It  may  not  be  practical  to  operate  the 
diode  at  a  frequency  lower  than  the  optimum  one,  even  though  the 
harmonic  power  generation  from  the  device  may  be  improved  if  the 
operating  fundamental  frequency  is  lew. 

The  nonlinearity  of  diodes  in  single-frequency  operation  is 
studied  first.  Since  the  diodes  are  only  driven  by  a  fundamental 
voltage,  there  is  no  interaction  due  to  the  harmonic  voltage. 
Therefore,  the  study  for  single-frequency  operation  is  mainly  con¬ 
cerned  with  the  fundamental  and  harmonic  currents  contained  in  the 
induced  current.  All  the  factors,  such  as  depletion-layer  modula¬ 
tion,  drift  process,  and  avalanche  multiplication,  that  affect 
harmonic  current  generation  are  examined.  Comparison  of  harmonic 
current  generation  among  all  the  diodes  at  various  fundamental 
voltages  is  made  in  terms  of  the  effects  of  avalanche  multiplica¬ 
tion  on  the  injected  current  waveform  and  the  drift  and  depletion- 
layer  modulation  on  the  induced  current  waveform.  These  effects 
are  dependent  on  the  doping  profile.  Hence,  it  is  necessary  to 
determine  the  role  of  the  doping  profile  on  the  device  performance 
Conclusions  from  this  study  will  be  useful  in  discussing  multi¬ 
frequency  operation. 

While  carrying  out  multifrequency  simulation,  only  the 
fundamental  voltage  and  one  harmonic  voltage  (the  third-harmonic 
voltage  in  most  cases)  are  included  for  simulation.  The  resulting 
voltage  waveform  is  different  from  the  sinusoidal  one.  The 


nonsinusoidal  voltage  waveform  gives  rise  to  significant  effects  on 
the  injected  and  induced  current  waveforms,  particularly  when  the 
fundamental  voltage  is  high.  More  precisely,  the  interaction  hetvee 
two  voltages  affects  the  harmonic  current  generation  of  diodes.  A 
detailed  explanation  about  this  interaction  is  given  in  accordance 
with  the  observations  from  single-frequency  operation.  Comparison 
of  the  maximum  attainable  harmonic  power  among  diodes  is  carried 
out  in  terms  of  this  interaction.  Furthermore,  circuit-matching  and 
thermal  limitations  are  considered  when  evaluating  the  harmonic  power 
from  each  diode.  A  guideline  of  device  design  for  achieving  the 
optimum  harmonic  power  output  is  given. 

2.3.2  Diode  Structure  for  Operation  at  23  GHz.  Four 
different  diodes  have  been  designed  to  operate  at  the  fundamental 
frequency  of  23  GHz.  The  major  factors  involved  in  diode  design 
are  the  saturated  velocities  and  loss  in  an  undepleted  region. 

For  GaAs  and  Si  diodes,  the  loss  in  the  undepleted  region  is 
more  severe  in  the  p-side  than  in  the  n-side  because  of  the  lower 
mobilities  of  holes.  Therefore,  the  p-side  is  usually  kept  punched 
through  to  minimize  the  loss  in  the  undepleted  region  of  this  side 
caused  by  a  high  RF  voltage.  The  electric  field  intensity  at  the 
p-side  contact  is  maintained  around  0.25  Ec  at  breakdown,  where 
Ec  is  the  critical  electric  field  intensity  at  the  metallurgical 
junction.  For  the  n-side,  the  optimum  punch-through  factor  is  not 
easily  determined  since  the  depletion-layer  modulation  may  enhance 
the  performance  of  GaAs  diodes.75  For  further  consideration  of 
harmonic  operation,  the  device  impedance  at  the  desired  harmonic 
frequency  is  small,  so  any  loss  in  the  undepleted  region  will 


deteriorate  harmonic  output  power.  Hence,  in  the  preliminary 

design,  each  diode  is  punched  through  at  breakdown  and  the  electric 

field  intensities  at  the  contacts  are  kept  around  C.25  2  . 

c 

When  choosing  a  device  length  for  each  diode,  the  shift  of  the 
avalanche  region  center  away  from  the  metallurgical  junction  due  to 
the  unequal  ionization  rates  and  asymmetric  doping  profile76  should 
be  taken  into  account.  The  spread  of  the  avalanche  region  is  another 
factor  to  be  considered.  For  GaAs  Read  and  Si  hybrid  diodes,  the 
avalanche  region  is  narrow  due  to  their  specific  doping  profiles,  and 
avalanche  multiplication  is  localized.  Carriers  generated  in  a 
narrow  avalanche  region  can  have  a  uniform  transit  time.  Therefore, 
the  drift  region  transit  angle  9^  is  chosen  to  be 

9.  =  2-rrfx,  =  O.Ttt  , 

d  d 

where  9,  is  the  transit  time  of  the  carriers  and  f  is  the  fundamental 
d 

frequency.  The  reason  for  choosing  this  value  of  9^  instead  of  the 
optimum  transit  angle  0.7^1T  is  to  completely  collect  the  moving  par¬ 
ticles  before  the  next  RF  cycle  begins  and  to  enhance  the  harmonic 
current  generation  expected  by  Eq.  1.3. 

For  GaAs  and  Si  uniform  diodes,  the  avalanche  region  is  much 
wider  and  the  carriers  generated  from  this  wide  avalanche  region  have 

a  snread  of  transit  times.  It  is  found  that  if  9  =  O.jt  to  0 . 6tt  , 

d 

each  diode  can  be  optimized  at  the  desired  frequency.  The  drift 
region  length  i,  can  be  evaluated  from  the  following  formula: 


where  vg  is  the  saturated  drift  velocity  of  a  carrier.  The  procedure 
to  determine  the  optimum  condition  for  the  diodes  is  as  follows: 

1.  For  a  given  dc  current  density,  the  doping  concentration  is 

adjusted  such  that  the  electric  field  intensities  at  the  contacts  are 

close  to  0.25  E  . 

c 

2.  For  a  fixed  frequency  (say  23  GHz),  the  RF  voltage  is  varied 
until  the  efficiency  reaches  a  maximum  value. 

3.  When  the  RF  voltage  is  the  same  as  that  in  step  2,  the  dc 
current  density  is  changed  to  determine  the  optimum  value. 

b.  When  the  information  obtained  from  steps  2  and  3  is  used,  the 
frequency  is  adjusted  to  determine  the  optimum. 

5.  If  the  optimum  frequency  is  not  the  one  desired,  the  device 
length  is  changed  and  the  preceding  steps  are  repeated  until  the 
optimum  frequency  is  the  desired  one. 

The  optimum  device  structures  are  shown  in  Fig.  2.3  and  some 
information  on  the  diodes  obtained  from  dc  simulation  at  their  respec¬ 
tive  optimum  conditions  is  listed  in  Table  2.2.  Actually,  the  GaAs 
Read  diode  is  only  optimized  at  22  GHz,  since  this  diode  has  a  similar 
structure  to  the  GaAs  diode  used  for  the  measurement.  It  is  seen  from 
the  table  that  the  GaAs  uniform  diode  has  the  highest  optimum  dc 
current  density.  This  can  be  understood  by  the  fact  that  the  GaAs 
uniform  diode  has  a  high  doping  concentration  which  reduces  the  space- 
charge  effect  and  GaAs  has  a  small  da/dE. 

2.3.3  Comparison  of  the  Diode  Characteristics  in  Single- 
Frequency  Operation.  The  device  properties,  in  general,  are  ierer.- 
dent  on  physical  parameters,  such  as  doping  profile,  device  tempera-ur' 
and  material  parameters,  and  terminal  electric  conditions,  such  as 


DOPING  CONCENTRATION,  cm'3  DOPING  CONCENTRATION,  ci 


GaAs  double¬ 
drift  uniform 


dc  biased  current  density,  terminal  RF  voltage,  and  frequency. 


The  device  property  can  be  only  a  function  of  the  RF  terminal 
voltage  if  other  conditions  are  fixed.  The  RF  voltage  in  a 
practical  IMPATT  diode  oscillator  usually  contains  not  only  the 
fundamental  voltage  but  also  the  harmonic  voltages.  However,  the 
harmonic  voltages  are  assumed  to  be  zero  while  carrying  out  computer 
simulations  for  single-frequency  operation.  Thus,  the  fundamental 
voltage  is  the  only  voltage  across  the  diode  terminal,  except  the 
dc  voltage.  This  situation  is  equivalent  to  the  case  where  all  the 
harmonics  are  short  circuited  and  thus  no  harmonic  power  is 
generated.  Since  the  driving  RF  voltage  is  well  defined,  the 
simulation  results  can  offer  a  significant  amount  of  information 
to  understand  device  nonlinearity. 

Simulation  results  are  presented  and  discussed  in  the 
following  order:  (l)  the  fundamental  device  properties,  including 
the  fundamental  current  generation,  RF  power,  efficiency,  admittance 
and  impedance;  (2)  the  harmonic  current;  and  (3)  the  possible  mech¬ 
anisms  affecting  the  fundamental  and  harmonic  currents.  While  dealing 
with  RF  current,  the  displacement  current  is  neglected  because  it 
makes  no  contribution  to  RF  power  generation. 

2.3.3a  Fundamental  Properties  of  Diodes.  Listed  in 
Tables  2.3  and  2.4  are  dc  voltage  ,  dc  current  density  J^, 
efficiency  Eff x ,  fundamental  current  density  J  ,  and  phase  angle 
of  the  fundamental  current  phasor  relative  to  the  fundamental 


voltage  phasor  denoted  as  0^_  for  each  diode.  These  quantities  are 
plotted  in  Figs.  2.4  to  2.9  against  the  normalized  fundamental 
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CURRENT  PHASE  ANGLE  VS.  NORMALIZED  FUNDAMENTAL  VOLTAGE. 
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FOR  THE  FUNDAMENTAL  CURRENT  OF 
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FIG.  2.8  FUNDAMENTAL  POWER  DENSITY  VS.  NORMALIZED  FUNDAMENTAL 


VOLTAGE. 
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V  ^  =  Vi/V^c«  V  ^  is  roughly  proportional  the  ratio  of  the  maximum 

electric  field  swing  to  the  average  dc  electric  field,  and  it  is  more 

convenient  to  compare  the  fundamental  properties  of  diodes  in  terms 

of  rather  than  V^.  Similarly,  the  normalized  fundamental  current 

J,.T,  defined  as  J, ,T  =  J  /J,  ,  is  more  meaningful  for  comparison  than 
1JN  IN  1  dc 

J  .  It  is  possible  to  express  all  quantities  of  interest  in  terms  of 

V,  .T  and  J, ...  The  deivce  conductance  G.  is  defined  as 
IN  IN  di 

J  cos  9  T 

°dl  =  -i__ -  ,  (2.16) 


consequently , 


di 


dc  IN 

The  efficiency  can  be  expressed  as 


Vdc  J1N 

—  —  COS  91I  ’ 


(2.17) 


Eff 


Vi  cos  (9n)  _  1V  T  . 

2V  J  2  V1NJ1N  C0S  ^61I) 

dc  dc 


(2.18) 


and  the  RF  power  is 


P 

l 


G .  V2 
di  x 


1 

2 


G 


V2  V2 
di  IN  dc 


(2.19) 


or 


P  =  Eff  V  J,  .  (2.20) 

l  l  i  dc 

From  these  formulas,  it  is  clear  that  the  normalized  fundamental 
current  plays  an  essential  role  in  device  fundamental  performance. 
This  is  discussed  in  detail  next. 

1.  Fundamental  Current.  Figures  2.  ha  and  2.Ub  show  and 
0  as  functions  of  V1^,  respectively.  The  curves  of  are  similar 


to  one  another.  Each  J, „  exhibits  a  linear  dependence  on  V  for 


small  Vp^.  Obviously,  this  is  the  consequence  of  small  perturbation 
As  V, _T  increases,  J,  „  increases  and  then  saturates  when  V, „  is 
between  O.h  and  0.7.  J, changes  little  over  a  wide  range  of  V..T, 

xW  Xi* 

but  starts  to  decrease  as  exceeds  the  optimum  voltage  modulation 
ratio  V-^p,  where  the  efficiency  is  maximum.  The  decreasing  rate 
of  J,  _T  is  different  for  each  diode.  The  GaAs  Read  diode  has  the 
highest  decreasing  rate,  but  the  GaAs  and  Si  uniform  diodes  show  a 
slow  decrease  in  Jp^.  As  exceeds  a  certain  value,  «j  increases 
again,  but  the  corresponding  efficiency  becomes  negative.  Generally 
speaking,  except  for  minor  differences  among  the  diodes,  all  the 
curves  have  a  similar  shape  over  the  range  of  V  j  =  0  to 
=  1.  The  flatness  of  the  Jn  ^  curves  could  be  expected  by  the 
sharp-pulse  model,  but  the  fall  off  in  the  curves  could  not  be 
predicted  by  this  model.  It  means  that  there  is  an  additional 
mechanism,  not  included  in  this  model,  responsible  for  the  fall  off. 
The  additional  mechanism  is  due  to  the  depletion  layer  which  will 
be  discussed  later. 

It  is  seen  from  Fig.  2. ha  that  each  J  ^  has  a  maximum  value 

between  1.0  and  1.2.  Before  the  decrease  of  the  Si  hybrid  diode 

has  a  higher  J,„T  than  other  diodes  and  the  GaAs  Read  diode  has  the 

lowest  J  .  The  existing  maximum  limit  in  the  magnitude  of  J-.T 
-LIN  -LIN 

partly  results  from  the  fact  that  the  induced  current  J  at  the 
maximum  fundamental  current  point  is  positive  over  the  whole  RF 
cycle.  According  to  the  definition,  Jx  is  expressed  as 


Since  the  induced  current  is  positive,  the  following  inequality 
holds : 


J 

1 


<-  q 

IT 


r2V 

0 


J .  ,  djjl 

1  md 


7T 


2TT 


J .  ,  d^t 
md 


Dividing  both  sides  of  Eq.  2.22  with  J,  yields 

dc 


2  J 


dc 


(2.22) 


(2.23) 


Although  this  inequality  may  not  be  valid  for  the  case  in  which  the 
induced  current  becomes  negative  for  a  part  of  the  RF  cycle,  it  is 
unfortunately  true  for  most  operating  conditions  in  conventional  IMPAT' 
diodes.  The  equal  sign  in  Eq.  2.23  can  be  held  only  if  the  induced 
current  is  an  impulse,  which  is  impossible  to  achieve  for  a  dicde 
having  a  finite  transit  time.  Usually  J.^  is  much  smaller  than  two. 
This  places  a  limitation  on  fundamental  power  generation  in  a  conven¬ 
tional  IMPATT  diode. 

The  phase  angle  of  the  fundamental  current  phasor  0  provides 
other  information  on  device  behavior.  Figure  2.4b  shows  plots  of  0 
vs.  V^.  ^  •*-s  seen  that  for  the  GaAs  diodes  is  almost  flat  over 
a  wide  range  of  V^.  However,  a  slight  change  in  0  for  Si  diodes 
is  observed.  Each  0  shows  a  significant  fall  off  as  exceeds  a 
certain  level.  Consequently,  the  phase  between  the  current  and  the 
voltage  eventually  will  be  larger  than  270  degrees  and  the  efficiency 
will  become  negative.  Before  the  fall  off  occurs,  there  is  a  differ¬ 
ence  in  the  magnitude  of  0  among  the  diodes  which  is  partly  due  to 
the  difference  in  transit  times.  A  phasor  diagram  showing  the  funda¬ 
mental  components  of  the  induced  current  for  the  GaAs  Read  diode  at 


various  values  of  V 


is  shown  in  Fig.  2.5.  Since  all  the  diodes 


IN 

exhibit  a  similar  relationship  between  the  fundmental  current  phasor 

and  the  fundamental  voltage,  this  figure  is  sufficient  to  display  how 

the  fundamental  current  phasor  varies  with  V  .  It  can  be  seen  from 

the  figure  that  the  current  phasor  stays  in  the  second  quadrant  with 

little  shift  for  V,_T  less  than  0.8  and  rotates  clockwise  to  the  fourth 
IN 

auaarant  as  V„,r  increases. 

IN 

2.  Dc  voltage.  Figure  2.6  shows  the  dc  voltage  vs.  V  ^  for  the 

diodes  investigated.  Each  V  curve  declines  gradually  as  increases 

This  phenomenon  is  referred  to  as  the  back-bias  effect,  which  is  the 

consequence  of  the  highly  nonlinear  ionization  rates  in  diodes. 

must  be  decreased  in  order  that  the  amount  of  charge  generated  in  the 

positive  half  cycle  of  RF  voltage  due  to  avalanche  multiplication  is 

equal  to  the  amount  of  charge  removed  during  the  other  half  cycle. 

This  effect  is,  of  course,  dependent  on  the  ionization  rates,  their 

first  and  second  derivatives  with  respect  to  field,  and  doping  profile. 

7  7. 

A  first-order  expression  for  back-bias  voltage  is  given  by 


=  -  ( V  /w) ' 

a  i 


(2. 2b) 


where  V,  ,  is  the  back-bias  voltage,  w  is  the  depletion-layer  width, 

DD 

and  a'  and  a"  are  the  first  and  second  derivatives  of  the  ionization 
rates,  respectively.  As  shown  in  Fig.  2.6,  the  GaAs  Read  diode  has 
a  very  small  V,,  for  V, „  <  V,,ro,  which  is  related  to  its  small  a". 
In  other  words,  the  ionization  rates  are  not  as  nonlinear  as  in  Si. 
The  rapid  fall  off  of  V  for  V  >  V  p  is  explained  later. 


3.  RF  Power  and  Efficiency.  The  efficiency  and  RF  power  for 
each  diode  are  plotted  in  Figs.  2.7  and  2.8,  respectively.  From  Eq. 
2.18,  the  efficiency  depends  on  V,^,  J  and  9,  T  and  hence  its  depen¬ 
dence  on  V_.T  can  be  understood  using  the  information  of  J,„  and  9,  T 
discussed  previously.  At  small  V^,  the  efficiency  exhibits  a  quad¬ 
ratic  dependence  on  V^.  because  of  the  linear  dependence  of  J  on 
V  As  J  ^  saturates,  the  efficiency  is  linearly  dependent  on 

After  reaching  its  maximum,  the  efficiency  drops  and  becomes 
negative  due  to  significant  changes  in  both  J  and  0^j-  The  GaAs 
Read  diode  has  the  highest  decreasing  rate  in  the  efficiency,  however 
the  ~aAs  uniform  diode  has  a  lower  decreasing  rate  than  the  other 
diodes,  which  is  mainly  due  to  the  behavior  of  9-^j  in  this  diode. 

The  maximum  efficiencies  are  29.66  percent  at  =  0.71  for 
the  GaAs  Read  diode,  21.81+  percent  at  =  0.71  for  the  GaAs  uniform 
diode,  26.37  percent  at  =  0.6l  for  the  Si  hybrid  diode,  and 
26.98  percent  at  =  O.69  for  the  Si  uniform  diode.  The  GaAs  Read 
diode  shows  the  highest  efficiency  among  all  the  diodes  even  though 
its  <1-^  is  lower  than  that  of  any  other  diode.  This  results  from  th° 
fact  that  the  Read  diode  can  achieve  a  larger  voltage  modulation  ratio 
and  phase  delay  in  the  fundamental  current.  It  is  interesting  to 
note  that  the  efficiencies  of  both  GaAs  and  Si  uniform  diodes  become 
negative  when  V  is  greater  than  0.9  due  to  the  slowly  varying 
property  of  in  both  diodes. 

The  RF  power  vs.  V  is  plotted  in  Fig.  2.8.  The  RF  power  is 
the  product  of  dc  power  and  efficiency  and  therefore  has  a  similar 
behavior  except  for  some  minor  difference  caused  by  the  variation  of 
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dc  power  with  V, 


The  negative  device  conductance 


4.  Admittance  and  Imnedar.ee. 
and  resistance  are  plotted  in  Fiv.  2.9.  As  shown  in  the  figure,  both 


decrease  with  increasing  V, The  : 


ive  device  cc 


nee 


ai 


Lnce 


as  defined  in  Eq.  2.16,  is  dependent  on  J-^/V  cos  (F^). 

J  does  not  increase  ranidly  with  increasing  V.,..,  the  ratio 
-LiN  ‘  1TI 

J1n/V1I!  is  a  decreasing  function  of  V  .  Tliis  is  the  reason  why 

-  G._  always  falls  off.  The  rapid  fall  off  in  -  G,  for  the  GaAs 
ai  di 

Read  diode  at  high  results  f~ora  the  characteristic  of  its  J  . 

The  difference  in  -  G  among  diodes  is  attributed  to  the  factor 

Jdc/Vdc,  shown  in  Eq.  2.l6.  The  GaAs  uniform  diode  has  the  highest 

J,  /V  so  it  has  the  highest  -  G,  . 
dc  dc  &  di 

The  device  susceptance  is  defined  as 


J  sin  (0  T)  +  J 
1  II  dis 


di 


[2.24) 


or 

J 

Bdl  =  —  sin  (91I)  +  wC  ,  (2.25) 

where  is  a.  displacement  current  and  C  is  a  cold  capacitance.  The 

second  term  on  the  right-hand  side  of  Eq.  2.25  is  always  the  dominant 

term.  The  first  term,  which  is  contributed  from  the  induced  current, 

is  always  negative  because  of  the  value  of  and  apparently  decreases 

in  magnitude  for  increasing  because  of  the  property  of  J^/V^. 

This  results  in  an  increasing  behavior  of  B.  with  V, „T. 

d  i  IrJ 

The  device  impedance  is  the  inverse  of  device  admittance.  It 
is  obvious  from  the  property  of  device  admittance  that  the  negative 
device  resistance  is  a  decreasing  function  of  V.„,  but  the  device 
reactance  increases  in  magnitude  with  V  . 
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As  discussed  previously,  the  device  fundamental  properties 
are  dependent  on  the  behavior  of  the  fundamental  current  with  RF 
voltage.  A  significant  fall  off  in  the  fundamental  current  magnitude 
has  been  observed  for  each  diode  investigated.  This  fall  off  results 
in  a  decrease  in  efficiency  and  RF  power.  The  reason  for  the  fall  off 
is  discussed  later. 

2.3.3b  Harmonic  Current  Generation.  The  device  nonlin¬ 
earity  can  be  understood  through  the  calculation  of  the  harmonic 
currents  in  the  diode.  For  the  sake  of  cost  and  accuracy,  only  the 
first  two  harmonic  currents  are  calculated.  It  is  convenient  to 
denote  for  the  mth  harmonic  current  phasor,  where  m  =  2,3,.... 

The  magnitude  and  phase  angle  of  the  phasor  are  denoted  by  J  and 

m 

0  ,  respectively.  The  characteristics  of  J  „  (defined  as  J  „  =  J  /J,  ) 
m  mN  mN  m  dc 

and  0m  are  illustrated  in  Figs.  2.10  and  2.11. 

According  to  the  Bessel  inequality,78 


J-2TT 


J.  2  dcut  -  J2 
md  ac 


(2.26) 


Dividing  both  sides  of  Eq.  2.26  by  J2^  yields 


2  ^J1N  +  J2N  +  J3N)  2tt 


r 

J.  , 

ind 

Jo 

Jdc 

doit  -  1 


(2.27! 


Equation  2.27  indicates  that  there  is  an  upper  limit  for  which 

depends  on  the  induced  current  waveform.  From  simulation  results, 
the  maximum  achievable  values  of  J_.T  and  J_„T  are  found  to  be  2.2 
for  the  Si  uniform  diode  and  1.3  for  the  GaAs  uniform  diode.  Both 
values  are  higher  than  that  of  J  .  In  other  words,  in  terms  of 
harmonic  current  generation,  both  diodes  seem  to  be  very  nonlinear 


in  single-frequency  operation. 
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2.10  NORMALIZED  SECOND-HARMONIC  CURRENT  AND  ITS 


PHASE  ANCLE  VS.  NORMALIZED  FUNDAMENTAL  VOLTAGE 
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FIG.  2.11  NORMALIZED  THIRD-HARMONIC  CURRENT  AND  ITS  PHASE 


ANGLE  VS.  NORMALIZED  FUNDAMENTAL  VOLTAGE. 
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From  Fig.  2.10  it  is  seen  that  for  V  ranging  from  zero  to 
0.4,  all  J  curves,  except  those  for  the  GaAs  Read  diode,  are  the 
same  and  have  a  low  increasing  rate  with  V  .  In  this  ranee,  the 
GaAs  Read  diode  has  a  lower  second-harmonic  current  than  other  diodes. 
The  reason  is  partly  due  to  the  longer  transit  time  in  this  diode. 

Until  V^j  approaches  less  than  0.3.  After  V  exceeds 

V i^jp,  the  second-harmonic  current  for  the  GaAs  Read  and  Si  hybrid  diodes 
rises  rapidly,  but  the  current  for  the  other  two  diodes  increases 
gradually  at  nearly  the  same  rate. 

Also  shown  in  Fig.  2.10  is  the  second-harmonic  current  phase 

angle  as  a  function  of  V^.  The  fast  change  in  at  very  low 

(l  V)  is  because  the  large-signal  simulation  cannot  give  a 

solution  at  low  V  as  accurately  as  at  high  V, ...  It  is  observed 
Lii  lJN 

from  the  figure  that  tends  to  flatten  at  low  ,  increases  as 
J2rj  has  a  significant  change,  and  finally  flattens  again  at  high 
V^.  For  the  GaAs  Read  and  Si  hybrid  diodes,  0  approaches  almost 
the  same  value  (103.1  degrees)  at  high  V  ;  for  the  GaAs  uniform  diode, 

0  at  high  \i^  is  approximately  131  degrees,  which  is  higher  than 
that  of  other  diodes. 

In  Fig.  2.11,  at  low  V,  the  Si  diodes  exhibit  the  same 
behavior  in  and  have  better  harmonic  current  generation  than  the 

GaAs  diodes,  but  the  value  of  J  is  still  low.  However,  at  high 
V1^,  J  ^  rises.  It  can  be  observed  that  the  GaAs  uniform  diode 
has  higher  third-harmonic  current  generation  than  other  diodes  that 
show  signs  of  saturation  in  J^.  This  implies  that  the  GaAs  uniform 
diode  is  more  nonlinear  in  terms  of  third-harmonic  current  generation, 
tespite  the  saturation  behavior  and  magnitude  difference,  J  varies 


in  a  manner  similar  to  the  corresponding  J  .  It  can  be  seen  from 

the  figure  that  9^  decreases  as  increases,  and  0  has  a  low- 

decreasing  rate  for  GaAs  and  Si  uniform  diodes.  At  high  V  ,  9 

1«  31 

for  the  GaAs  uniform  diode  will  approach  -  120  degrees,  compared  with 
the  value  around  -  l60  degrees  for  other  diodes.  This  difference 
has  a  significant  effect  on  diode  performance  in  multifrequency 
operation.  A  detailed  discussion  is  given  later. 

In  conclusion,  harmonic  current  generation  for  diodes  is 
improved  at  high  RF  voltages.  The  phasors  and  increase  in 
magnitude  with  RF  voltage  but  rotate  in  the  phasor  plane  in  different 
directions.  At  high  RF  voltages,  usually  stays  in  the  first 
quadrant  and  J3  is  in  the  second  quadrant.  This  information  is  very 
important  for  harmonic  power  generation  in  multifrequency  operation. 

2.3.3c  Effects  of  Avalanche  Multiplication  and  the 
Drift  Process.  From  the  simulation  results  presented  in  the  previous 
section,  it  is  seen  that  IMPATT  diodes  exhibit  different  behavior 
between  low  and  high  RF  voltage  regions.  To  study  the  related  mech¬ 
anisms  responsible  for  the  difference  in  behavior  and  to  give  a 
qualitative  explanation  are  the  purposes  of  this  and  the  following 
sections.  This  section  focuses  on  the  effect  of  avalanche  multipli¬ 
cation  and  the  drift  process  on  current  generation. 

Avalanche  multiplication,  which  is  an  essential  mechanism 
for  injected  current  generation  in  IMPATT  diodes,  strongly  depends  on 
the  ionization  rates  of  carriers.  It  is  known  that  ionization  rates 
are  highly  nonlinear  functions  of  electric  field  intensity  and  are 
different  for  different  materials.  As  shewn  in  Fig.  2.2,  the 
ionization  rates  in  both  Si  and  GaAs  increase  rapidly  with  electric 


field;  however,  they  saturate  at  high  electric  fields.  The  saturation 
behavior  in  ionization  rates  can  be  observed  clearly  from  Fig.  2.12, 
which  plots  a'  vs.  the  reciprocal  of  electric  field,  by  the  fact  that 
a'  (the  derivative  of  ionization  rate  with  respect  to  electric  field) 
goes  down  for  electric  fields  greater  than  0.5  MV/cm.  The  electron 
ionization  rate  in  Si  shows  a  sign  of  saturation  at  an  electric  field 
of  approximately  0.8  MV/cm,  as  compared  with  a  value  of  0.5  MV/cm  for 
GaAs.  The  simulation  results  indicate  that  the  maximum  instantaneous 
electric  field  in  Si  diodes  at  the  highest  driving  condition  is  less 
than  0.7  MV/cm  and  in  GaAs  diodes  the  maximum  electric  field  is 
approximately  0.8  MV/cm.  Therefore,  in  normal  operation,  the  Si 
diodes  will  not  experience  saturation  in  ionization  rates  but  the 
GaAs  diodes  will.  This  gives  rise  to  the  difference  in  the  injected 
current  waveform  between  both  kinds  of  diodes  and  also  the  difference 
in  the  back-bias  voltage.  Figure  2.12  indicates  that  GaAs  has  a  nearly 
zero  <*"  around  E  =  0.5  MV/cm,  which  is  close  to  the  critical  dc  electric 


field  in  the  GaAs  Read  diode.  Hence,  V  in  this  diode  is  very  small 
at  small  V  . 


In  general,  the  injected  current  J.  .is  defined  as  the 

inj 


following  spatial  integral: 


w 

J.  .  =  —  ^  G(x,t)dx+J  x=--p,t  +  J  x=-y,t|  , 

mj  WJ  w  nl  2  J  Pi  2  J 

‘2  (2.28) 

where  w  is  the  diode  width  and  G  is  the  generation  rate.  For  qualitative 
consiieration ,  it  is  assumed  that  avalanche  multiplication  is  localized 
in  a  narrow  avalanche  region  having  a  width  of  x  ,  the  carriers  have 

3. 

ty,  and  the  injected  current  is  independent  of  position. 


the  same  veloci 


According  to  Misawa 


/  y 


obtained : 


a  differential  form  for  J.  .  can  be 

inj 
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where  the  multiplication  factor  M  and  intrinsic  response  time  x  a 1 
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These  two  equations  are  derived  assuming  the  avalanche  region  is 
symmetric  about  x  =  0.  It  was  also  pointed  out  by  Misawa  that  a 
rapid  increase  in  the  magnitude  of  1/Mx  can  be  achieved  provided 
that  the  dc  electric  field  in  a  diode  is  in  the  region  where  non- 
saturated  ionization  rates  are  obtained  and  the  fast  change  in 
l/M  results  in  a  more  pulse-like  injected  current,  while  the  slow 
change  leads  to  a  more  sinusoidal  current.  It  can  be  expected  that 
the  Si  diodes  can  produce  sharper  injected  current  waveforms  than  t 
GaAs  diodes  since  t‘.  Si  diodes  ope: ate  in  the  nonsaturated  region 
the  ionization  rates,  and  the  GaAs  Read  diode  would  have 
the  worst  injected  current  waveforms  since  the  Read  diode  has  a 
higher  dc  electric  field  than  the  other  diodes.  Figure  2.13 
demonstrates  the  injected  and  induced  current  waveforms  for  the 
Si  hybrid  and  GaAs  Read  diodes  at  their  respective  optimum  RF 
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voltages.  It  is  seen  from  this  figure  that  the  injected  current  in 
the  Si  diode  is  sharp,  compared  with  that  in  the  GaAs  diode. 

In  order  to  compare  the  injected  current  waveforms  for  the 

diode  at  various  RF  voltages,  the  ratio  of  the  peak  value  of  J  to 

inj 

J,  ,  denoted  as  J.  .  ,  and  the  width  of  J.  denoted  as  8  ,  are 
dc  injm  mj  u> 

plotted  in  Fig.  2.lh.  Q  is  defined  as  the  distance  in  the  RF  cycle 

w 

between  two  points  where  the  amplitude  of  Jh  is  half  of  its  peak 
value.  This  figure  clearly  illustrates  that  the  GaAs  Read  diode  has 
the  worst  current  waveform  under  all  the  operating  conditions,  and 
the  Si  diodes  have  more  peaked  pulse-like  current  waveforms  than 
the  GaAs  diodes.  An  interesting  point  is  that  all  injected  current 
waveforms  tend  to  become  more  peaked  as  the  RF  voltage  increases,  but 
change  slightly  at  high  RF  voltages.  This  implies  that  the  back-bias 
effect  plays  an  important  role  in  the  formation  of  the  injected 
current,  particularly  at  high  driving  conditions.  Due  to  this 
effect,  a  reduction  in  dc  voltage  induced  by  an  increase  of  RF 
voltage  eventually  will  stop  any  further  increase  in  the  maximum 
instantaneous  electric  field  in  the  diode,  and  avalanche  multipli¬ 
cation  will  not  increase  proportionally  with  RF  voltage.  Therefore, 
no  significant  change  in  the  current  waveform  can  be  observed  at 
high  RF  voltages. 

For  a  qualitative  explanation  of  the  observed  fundamental 
and  harmonic  currents  relative  to  the  injected  current,  an  analytic 
analysis  similar  to  that  in  Chapter  I  is  adopted.  By  assuming  that 
jarriers  have  the  same  property  and  the  carrier  spatial  distribution 
remains  undisturbed  during  transit  and  choosing  the  metallurgical 
junction  of  a  double-drift  IMPATT  diode  at  the  origin,  the  induced 
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current  can  be  written  as 


1  r  2  <-  X  -  (x  /2)\ 

J.  ,  =  -  x  J.  .  +  2  J.  .It  -  - - -  dx  ,  (2.32) 

md  w  a  xnj  inj  v 

'X  ^  S' 

'—a  -1 


where  v^  is  the  drift  velocity  of  a  carrier.  Based  on  simulation 
results,  the  injected  current  can  be  approximated  by  a  bell-shaped 
function 


Jdc  (wt  “  9c)2 

exp  "  S* 


(2.33) 


where  0^  is  the  center  position  of  the  injected  current  waveform  and 

o  =  0  /2 . 36 .  (This  expression  is  similar  to  the  Taylor-expansion 
00 

form  of  the  current  J.  .  =  J  exp  [-  (V  /2t  )  cos  (cut )  ]  at  wt  = 

inj  o  a  a 

180  degrees  and  neglecting  higher-order  terms.)  Since  the  injected 
current  drops  quickly  to  zero  for  | mt  -  0c  |  <  3d ,  the  Fourier  series 
for  the  current  can  be  written  as 


j.  =  y  ^  j®  .  ejmwt  , 

lnJ  m=oo  2  inj 


(2.34) 


where  3^  .  is  the  phasor  of  the  mth  harmonic  of  J.  .  and  is  expressed 
inj  inj 
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Substituting  Eq.  2.34  into  Eq.  2.32  yields 

me 

~m  .  °d 

x  00  .  «  V  J.  .  sm  — — 

J  =  ^  y  If  +  r  _s  inj  e  _ 2_ 

ind  w  “  2  inj  4  ^  w  d  m0, 
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,  d  jmut 

exp  -  j  —3-  e 


(2.36) 


The  normalized  mth  Fourier  component  of  J.  is  defined  as 

ina 


Assuming  that  x^  is  small  compared  with  w,  J  is  proportional  to 
two  factors  exp  (-m2a2/2)  and  sin  (m0^/2)/(m9^/2) ,  that  are  plotted 
in  Fig.  2.15.  From  Figs.  2.l4  and  2.15  it  is  concluded  that 

1.  For  a  fixed  0^,  the  fundamental  current  is  expected  to 
increase  with  decreasing  0  .  According  to  the  behavior  of  0  shown 

OJ  0) 

in  Fig.  2.l4,  the  fundamental  current  is  an  increasing  function  of 
RF  voltage  or  and  tends  to  saturate  when  the  RF  voltage  is  high. 
This  fact  is  in  qualitative  agreement  with  simulation  results  for  the 
fundamental  current  shown  in  Fig.  2.4  for  <  V^,.  The  slightly 
higher  fundamental  current  in  the  Si  hybrid  indicates  that  this 
approximate  analysis  cannot  be  applied  well  to  the  uniformly  doped 
diode  due  to  a  spread  of  transit  time  for  carriers.  For  higher 
values  of  RF  voltage  and  from  the  preceding  analysis,  the  fundamen¬ 
tal  current  is  expected  to  remain  saturated;  however,  this  is 
contrary  to  the  fall  off  in  the  current  indicated  in  Fig.  2.4a. 

Th^s  suggests  that  at  high  RF  voltages,  depletion-layer  modulation 
should  be  taken  into  account.  The  effect  of  the  modulation  is 
discussed  in  the  next  section. 

2.  From  Fig.  2.15  it  is  seen  that  the  transit-time  factor 
sin  (m  9^/2)/(m.8^/2)  is  much  lower  in  magnitude  for  harmonics  for 


-68- 


the  transit  angle  indicated  in  Table  2.2,  but  the  other  factor 
exp  ( -m2a 2 /2)  remains  high.  It  is  apparent  that  the  drift  process 
restricts  harmonic  current  generation  from  the  diodes.  At  low 
voltages,  the  increasing  behavior  of  harmonic  current  with  RF 
voltage  is  the  direct  consequence  of  the  sharper  injected  current 
at  higher  RF  voltages.  At  high  voltages  the  rapid  increase  in  the 
harmonic  current  is  not  attributed  to  the  effect  of  avalanche  mul¬ 
tiplication  and  drift  process,  but  the  effect  of  depletion-layer 
modulation.  Before  depletion-layer  modulation  takes  place,  the 
overall  harmonic  current  amplitude  is  so  low  that  it  is  almost 
impossible  to  utilize  the  diodes  for  harmonic  power  generation  at 
low  RF  voltages.  In  other  words,  the  drift  process  is  only  advan¬ 
tageous  for  the  fundamental  power  generation,  not  for  harmonic  power 
generation. 

From  Fig.  2.11  it  is  seen  that  Si  hybrid  and  uniform  diodes  have 
almost  the  same  harmonic  current  at  low  voltages,  which  is  partly  due 
to  the  same  injected  current  width  they  have.  The  GaAs  Read  diode  has 
the  lowest  harmonic  current,  which  is  definitely  related  to  its  worst 
injected  current  waveform. 

2.3.3d  Effects  of  Depletion-Layer  Modulation.  Depletion- 
layer  modulation  has  been  discussed  by  many  researchers  for  its  effects 
on  the  fundamental  performance  of  an  IMPATT  diode.  It  can  cause 
precollection  of  carriers75  and  modulation  of  carrier  drift  velocity. 
For  a  GaAs  IMPATT  diode  with  an  appropriate  doping  profile,  it  can 
enhance  the  fundamental  efficiency;67  however,  it  is  responsible  for 
saturation  of  the  fundamental  efficiency  in  all  diodes  because  of 
dissipation  in  an  undepleted  region.80  In  this  section,  the  focus 
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is  on  its  effects  on  the  induced  current  waveform  and  harmonic 
current  generation  for  the  diodes  investigated. 

Depletion-layer  modulation  begins  to  occur  when  the  RF 
voltage  across  a  diode  is  high  enough  so  that  the  electric  field  on 
either  contact  becomes  negative  at  some  point  in  the  RF  cycle. 

Without  taking  into  account  the  back-bias  effect,  the  threshold  RF 
voltage  level  at  which  this  modulation  occurs  is  approximately  28.8  V 
for  the  GaAs  Read  diode,  21.25  V  for  the  GaAs  uniform  diode,  33.25  V 

for  the  Si  hybrid  diode,  and  31.96  V  for  the  Si  uniform  diode.  Up 

to  this  threshold  level,  the  induced  current  waveform  is  roughly 

square  in  shape  and  out  of  phase  with  the  RF  voltage.  Above  this 
level,  the  current  waveform  undergoes  a  significant  change  and  no 
longer  has  a  square  shape.  This  change  produces  a  profound  effect 
on  device  performance,  particularly  on  harmonic  current  generation. 

Basically,  the  depletion-layer  modulation  that  occurs  in  an 
IMPATT  diode  is  similar  to  that  in  a  varactor  diode  that  can  be 
modeled  by  a  nonlinear  capacitance  in  series  connection  with  a 
nonlinear  resistance.  The  only  difference  between  them  is  that  the 
injected  particles  in  an  IMPATT  diode  affect  the  depletion-layer 
modulation  and  vice  versa. 

It  is  convenient  to  describe  depletion-layer  modulation  in  a 
single  IMPATT  diode  rather  than  a  double-drift  IMPATT  diode.  The 
diode  could  be  either  a  p-type  or  n-type  Read  diode.  A  schematic 
description  for  this  modulation  is  illustrated  in  Fig.  2.16,  which 
depicts  the  relative  positions  of  the  charge  pulse  and  undepleted 
layer  edge  at  three  different  phases  corresponding  to  different 
driving  conditions.  For  phase  I  shown  in  the  figure,  the  charge  pulse 
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FIG.  2.16  SCHEMATIC  REPRESENTATION  OF  DEPLETION- LAYER  MODULATION 


does  not  encounter  the  undepleted  edge.  For  phase  II,  the  charge 


pulse  meets  the  undepleted  edge.  For  phase  III,  the  pulse  has 
penetrated  the  undepleted  region.  Physically,  modulation  of  the 
drift  region  requires  flow  of  free  charge  carriers.  When  the 
undepleted  layer  edge  moves  inward,  the  charge  carriers  required  to 
compensate  the  fixed  impurity  charge  are  supplied  from  an  external 
current  flowing  through  the  contact ,  but  the  carriers  drift  velocity 
limits  the  rate  of  change  of  the  undepleted  region.  The  rate  of  change 
dw^/dt  should  satisfy  the  following  inequality: 


dw 


dt 


< 

=  v 


dmax 


(2.38) 


where  w^  is  the  position  of  the  undepleted  edge  and  v^^  is  the 

maximum  drift  velocity.  This  inequality  is  also  held  for  the  case  in 

which  carriers  are  extracted  from  the  undepleted  region.  When  the 

undepleted  edge  meets  the  charge  pulse,  the  required  charge  carriers 

for  compensation  can  be  supplied  partly  from  the  charge  pulse  in 

addition  to  the  external  circuit,  and  dw  /dt  is  limited  by  the  ideal 

n 


undepleted  edge  velocity.67  This  results  in 


dw 

n 

<  e 

dVt 

dt 

qw  N(w  ) 
n  n 

dt 

(2.39) 


where  N  is  the  doping  concentration  at  the  undepleted  edge.  It  is 
possible  that  in  a  low- doped  diode  the  undepleted  edge  can  move  faster 
than  the  maximum  drift  velocity. 

The  chase  I  case  is  considered  where  no  encounter  occurs  between 


the  undepleted  edge  and  the  injected  particles.  Once  a  sinusoidal  RF 
voltage  exceeds  a  threshold  value,  the  undepleted  edge  moves  inward 
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prior  to  tot  =  270  degrees  in  the  cycle.  Before  the  electric  field 
near  the  contact  changes  sign,  the  diffusion  current  flows  first  due 
to  the  large  doping  concentration  gradient  around  the  contact.  After 
the  electric  field  becomes  negative,  the  drift  current  dominates  the 
diffusion  current  in  the  undepleted  region,  but  near  the  undepleted 
edge,  the  diffusion  current  is  not  negligible.  The  conduction  current 
is  now  negative  in  the  region.  At  cut  =  270  degrees,  the  undepleted 
region  becomes  wide  and  whether  the  conduction  current  is  still  flow¬ 
ing  at  this  moment  depends  on  the  behavior  of  the  electric  field 
in  this  region.  According  to  Eq.  2.39,  dw^/dt  in  the  ideal  case  is 
zero  at  270  degrees,  and  hence  the  electric  field  and  conduction 
current  vanish  in  the  region.  In  a  practical  diode,  the  electric 
field  cannot  become  zero  immediately  at  270  degrees ,  due  to  a  delay 
process  caused  by  the  finite  conductivity  in  the  region.  For 
cot  >  270  degrees,  the  electric  field  as  well  as  the  conduction  current 
in  the  undepleted  region  gradually  increase  and  become  positive  in 
order  to  remove  the  mobile  carriers  out  of  this  region.  The  undepleted 
region  reduces  in  width  and  finally  disappears. 

The  terminal  induced  current  density  J  ^  is  defined  as  the 
average  of  spatial  distribution  of  the  conduction  current  density: 


J 


ind 


(J  +  J  )  dx 
n  p 


(2.U0) 


The  negative  conduction  current  in  the  undepleted  region  prior 

to  cot  =  270  degrees  causes  J.  ,  to  decrease  and  thus  J.  , ,  which 

ind  ind 

depends  on  the  v-E  characteristic  of  carriers  and  the  doping 
concentration,  dips  almost  at  270  degrees.  After  cot  >  270  degrees. 
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J\n^  increases  because  of  the  positive  conduction  current  and 
reduction  of  the  undepleted  region  width.  It  is  concluded  that 
depletion-layer  modulation  causes  a  dip  in  the  induced  current  almost 
in  phase  with  the  voltage  and  makes  the  efficiency  lower.  However, 
the  harmonic  current  is  expected  to  increase  because  of  the 
nonsinusoidal  induced  current  waveform. 

For  phase  II,  the  driving  BF  voltage  is  high  enough  to  cause 

the  undepleted  edge  to  meet  the  charge  pulse  (injected  particles) 

and  carrier  collection  will  take  place.  The  carriers  collected 

relax  very  quickly  (of  the  order  of  a  dielectric  relaxation  time)  and 

a  part  of  the  free  carriers  needed  to  compensate  the  fixed  impurity 

charge  can  be  provided  from  the  injected  particles.  Therefore,  the 

induced  current  is  expected  to  decrease  significantly.  The  injected 

particle  current  affects  the  field  near  the  undepleted  edge  as  well 

as  the  velocities  of  carriers,  particularly  for  the  electron  carriers 

in  a  GaAs  diode.  The  case  of  a  GaAs  diode  is  considered  in  which  the 

peak  carrier  density  in  the  injected  particles  is  somewhat  higher 

than  the  background  doping  concentration.  The  field  peaks  around  the 

center  position  of  the  injected  pulse.  This  tends  to  bunch  up  the 

pulse  as  it  is  accelerated  into  the  undepleted  region  and  produce  a 

spike  of  current  near  ut  =  270  degrees.  When  the  RF  voltage  recovers 
> 

after  wt  =  270  degrees,  the  field  increases  and  passes  through  the 
value  for  which  the  peak  electron  velocity  is  obtained.  Therefore, 
mobile  carriers  in  the  undepleted  region  are  extracted  at  velocities 
higher  than  the  saturated  velocity,  producing  the  second  broad  peak  in 
the  induced  current.  More  harmonic  current  can  be  generated  in 


phase  II. 


For  phase  III,  the  RF  voltage  is  much  higher  than  that  in  the 
previous  cases.  Most  carriers  in  the  pulse  are  collected  prior  to 
mt  =  270  degrees  and  the  induced  current  "becomes  negative  somewhere 
around  mt  =  270  degrees  in  the  cycle,  since  only  the  negative  conduc¬ 
tion  current  exists  in  the  diode.  The  diode  at  that  moment  is  nothing 
different  from  a  varactor  diode.  As  "before,  when  the  electric  field 
recovers  in  the  undepleted  region,  the  mobile  carriers  in  the  undeple¬ 
ted  region  are  extracted  at  their  respective  maximum  velocities. 
However,  not  all  mobile  carriers  can  be  extracted  at  the  end  of  the 
cycle  and  a  significant  amount  of  current  flows  at  the  beginning  of 
the  next  cycle.  This  further  reduces  the  fundamental  efficiency, 
but,  in  accordance  with  the  simple  analysis  in  Chapter  I,  the  induced 
current  is  rich  in  harmonic  contact. 

Depletion-layer  modulation  affects  not  only  harmonic  current 
generation  but  also  back-bias  voltage.  For  the  diodes  investigated, 
before  the  depletion-layer  modulation  occurs,  the  field  in  the 
avalanche  region  can  have  equal  swings  in  both  the  positive  and 
negative  directions,  but  after  the  depletion-layer  modulation  occurs, 
the  field  has  a  larger  swing  in  the  negative  direction  than  the 
positive  one.  This  unequal  field  swing  causes  the  dc  voltage  to  drop 
further,  particularly  for  the  GaAs  Read  diode. 

Due  to  the  different  v-E  characteristics  of  electrons  and 
holes  and  the  different  doping  concentrations  on  both  the  n-  and 
p-sides,  the  double-drift  IMFATT  diodes  investigated  have  more  com¬ 
plicated  current  waveforms  than  a  single-drift  diode.  A  detailed 
discussion  based  on  simulation  results  is  given  next. 
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The  GaAs  Read  diode  has  a  higher  doping  concentration  in  the 
p-side  than  on  the  n-side.  According  to  the  dc  solution  shown  in 
Table  2.2,  the  field  at  the  n-side  contact  is  lower  than  at  the  other 
contact.  Depletion-layer  modulation  occurs  on  the  n-side  first,  when 
the  RF  voltage  exceeds  the  threshold  value.  Figure  2.17  shows  the 
electric  field  distribution  and  conduction  current  in  this  diode 
for  V  =  31  V  at  three  different  times  in  the  RF  cycle,  and  Fig.  2.l8a 
shows  the  corresponding  terminal  current  and  voltage  waveforms. 

At  ut  =  252  degrees,  the  peak  positions  of  the  holes  and 
electrons  carrier  pulses  are  approximately  O.U  pm  to  the  left  and 
right  contacts,  respectively.  The  instantaneous  terminal  voltage  is 
not  high  enough  to  start  the  movement  of  the  undepleted  edge  on  the 
n-side.  The  field  at  the  n-side  contact  is  now  0.37  kV/cm;  hence, 
no  drift  current  can  be  observed  except  for  diffusion  current  near 
the  n-side  contact.  Even  though  the  diffusion  current  is  negative, 
the  induced  current  shown  in  Fig.  2.18a  rises  a  little  because  the 
low  field  causes  the  electron  carriers  to  move  faster. 

At  uit  =  270  degrees,  as  shown  in  Fig.  2.17b,  the  undepleted 
edge  in  the  n-side  moves  to  the  left  to  meet  the  electron  pulse  peak, 
but  no  depletion-layer  modulation  occurs  on  the  p-side.  Some  of  the 
electron  carriers  are  collected,  while  the  hole  pulse  continues  to 
drift  toward  the  left  contact  for  collection.  The  field  at  the 
n-side  contact  is  now  positive  and  has  a  value  of  15.0  V/cm.  The 
mobile  carriers  on  the  n-side  depleted  region  are  being  extracted  and 
therefore,  a  positive  but  low  conduction  current  appears  on  the  n-side 
depleted  region.  From  Fig.  2. Ida,  it  is  seen  that  the  induced  current 
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FIG.  2.17  STATES  OF  GaAs  READ  DIODE  AT  THREE  DIFFERENT  TIMES  FOR  V  =  31  V 
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starts  to  increase  at  this  instant  and  dips  slightly  early  at 
uit  =  2 66.4  degrees  in  the  cycle. 


At  uit  =  288  degrees,  as  shown  in  Fig.  2.17c,  the  field  at  the 
n-side  contact  is  4.4  kV/cm  and  the  electrons  in  the  undepleted  region 
are  extracted  with  a  near  peak  velocity.  Therefore,  the  conduction 
current  in  the  n-side  depleted  region  is  very  large,  producing  a 
spike  in  the  induced  current  waveform.  For  V  =  32.6  V  where  the 
efficiency  is  -  5.18  percent,  the  terminal  current  and  voltage 
waveforms  are  shown  in  Fig.  2.18b,  and  the  conduction  current  and 
field  distribution  at  three  instants  in  the  cycle  are  shown  in  Fig. 
2.19.  At  wt  =  234  degrees,  it  is  seen  in  Fig.  2.19  that  the  undepleted 
edge  on  the  n-side  moves  to  the  left  to  meet  the  electron  pulse. 

Because  the  field  inthe  n-side  undepleted  region  is  -  4.4  kV/cm,  which 
is  close  to  the  critical  field,  a  large  but  negative  conduction  current 
is  observed  in  this  region.  The  induced  current  around  this  instant, 
shown  in  Fig.  2.19a,  drops  sharply.  However,  the  p-side  undepleted 
edge  is  still  far  from  the  hole  pulse.  As  the  terminal  voltage 
continues  to  decrease,  the  n-side  undepleted  edge  encounters  the 
doping  spike  and  almost  stops  moving.  The  negative  field  in  the  n-side 
increases  correspondingly  and  causes  the  negative  conduction  current 
to  decrease.  Therefore,  the  induced  current  increases.  As  the 
voltage  decreases  further,  the  p-side  undepleted  edge  moves  signi¬ 
ficantly  to  cause  the  collection  of  the  holes,  so  the  induced 
current  decreases  again.  Around  ut  =  270  degrees,  most  of  the  hole 
carriers  have  been  collected  and  the  negative  fields  in  both  undepleted 
regions  cause  the  mobile  carriers  in  the  regions  to  move  at  their 
respective  saturated  velocities. 
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At  art;  =  306  degrees,  the  terminal  voltage  recovers  and  the 
field  in  the  n-side  is  positive  and  is  higher  than  the  critical  field. 
The  electrons  are  extracted  at  their  saturated  velocities.  Similarly, 
the  field  at  the  p-side  is  approximately  2.5  x  104  V/ cm  and  the  holes 
are  extracted  at  near  saturated  velocities.  It  is  seen 
in  Fig.  2.l8h  that  the  induced  current  is  high  but  not  maximum. 

Instead  of  a  sharp  dip,  the  induced  current  has  a  square  shape.  From 
simulation  results,  it  is  found  that  as  the  RF  voltage  increases  to 
33  V,  the  dip  width  increases  but  the  current  minimum  changes  slightly. 
This  is  why  the  harmonic  current  of  this  diode  tends  to  saturate 
between  V  =  32  and  33  V.  It  is  concluded  that  the  GaAs  diode  under¬ 
goes  a  rapid  change  in  the  induced  current  at  high  RF  voltages  because 
of  the  low  doping  concentration-  in  the  n-side  and  the  v-E  character¬ 
istic  of  electrons.  This  rapid  change  yields  a  sharp  rise  in  harmonic 
current  with  RF  voltage  until  saturation  occurs. 

The  n-side  of  the  Si  hybrid  diode  has  a  doping  concentration 
as  low  as  that  of  the  GaAs  Read  diode.  The  undepleted  edge  in  the 
n-side  can  move  fast,  but  the  v-E  characteristic  of  electrons  in 
this  diode  makes  it  impossible  for  a  sharp  drop  in  the  induced 
current  to  occur.  Therefore,  the  harmonic  current  cannot  rise  as 
rapidly  as  that  in  the  GaAs  Read  diode  when  the  RF  voltage  increases. 
Figure  2.20a  shows  the  induced  current  and  terminal  voltage  waveforms 
at  =  kk  V,  where  the  fundamental  efficiency  is  maximum.  It  is 
seen  that  the  induced  current  dips  at  ut  =  270  degrees,  but  not  as 
sharply  as  that  shown  in  Fig.  2.l8a.  Further  simulation  results 
indicate  that  the  undepleted  edges  have  a  little  movement  without  meet¬ 
ing  the  injected  particles.  This  is  equivalent  to  the  case  of  phase  I 
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mentioned  before.  The  conduction  current  flowing  in  the  undepleted 
regions  is  restricted  by  the  carrier  mobilities  in  Si. 

For  V  =  52  V,  where  the  fundamental  efficiency  is  -  7 
percent,  the  induced  current  shown  in  Fig.  2.20b  dips  significantly 
at  cot  =  270  degrees  and  the  current  minimum  is  now  -  2.93  kA/cm2,  which 
is  almost  twice  the  dc  current  density  in  magnitude.  The  second  peak 
in  the  current  appears  at  cot  =  327.6  degrees,  compared  with  cot  =  288 
degrees  for  the  GaAs  Read  diode.  The  difference  in  the  induced  current 
between  the  two  diodes  can  be  understood  by  referring  to  Fig.  2.21 
which  shows  the  field  and  conduction  current  in  this  Si  diode  at 
three  different  instants  in  the  cycle. 

At  cot  =  23b  degrees,  the  n-side  undepleted  edge  moves  close  to 
the  highly  doped  region.  It  is  noted  that  most  of  the  injected 
electrons  have  been  collected.  The  undepleted  region  in  this  side 
has  an  average  electric  field  of  -  30  kV/cm  and  a  current  density 
of  -  6.5  kA/cm2.  The  p-side  undepleted  edge  moves  only  0.32  um,  which 
is  not  enough  to  meet  the  hole  pulse.  The  collection  of  electrons 
causes  the  fall-off  in  the  induced  current  around  this  instant,  but 
since  the  conduction  current  cannot  rise  as  quickly  as  in  the  uaAs 
Read  diode,  the  fall  off  is  not  as  significant  as  that  shown  in 
Fig.  2 . l8b . 

At  cot  =  270  degrees,  the  n-side  undepleted  region  remains 
unchanged  and  the  field  and  current  in  this  region  increase  slightly. 
This  region  does  not  contribute  to  a  further  decrease  in  the  induced 
current.  For  the  p-side,  the  undepleted  edge  moving  to  x  =  0.64  ym 
causes  a  slow  collection  of  holes.  Due  to  the  v-E  characteristic  of 
holes  in  this  Si  diode,  the  field  only  changes  from  -  26  kV/cm  to 


IflSE  =  234.00  DEGREES  PHASE  =  270.00  DEGREES  PHASE  =  306.00  DEGREES 


FIG.  2.21  STATES  OF  Si  HYBRID  AT  THREE  DIFFERENT  TIMES  FOR  V 


-  17  kV/cm  and  the  corresponding  conduction  current  changes  from 

-  10  kA/cm2  to  -  7.3  kA/cm2.  These  facts  indicate  that  after  the 
fall  off  in  current  caused  by  the  collection  of  electrons,  the 
induced  current  decreases  gradually  until  wt  =  270  degrees.  As  a 
result,  the  harmonic  current  of  this  diode  exhibits  a  sign  of  saturation 

around  V  =  52  V. 

l 

At  cot  =  30 6  degrees,  the  fields  on  both  the  p-  and  n-side 
contacts  become  20  kV/cm  and  1 6  kV/cm,  respectively.  Although  these 
fields  are  not  high  enough  to  remove  carriers  at  their  respective 
saturated  velocities,  a  considerable  amount  of  conduction  current 
flowing  in  each  undepleted  region  can  be  observed  from  Fig.  2.21c. 
Consequently,  the  induced  current  rises,  but  not  as  rapidly  as  that  in 
the  GaAs  Read  diode  due  to  the  difference  in  the  v-E  characteristic 
of  carriers  between  both  diodes. 

The  Si  uniform  diode  has  higher  doping  concentrations  on  both 
sides  than  the  previous  two  diodes.  It  is  expected  that  both  depleted 
edges  will  move  slowly  with  decreasing  terminal  voltage,  and  the 
carrier  collection  process  will  slow  down  accordingly.  Effects  of 
high  concentration  on  the  induced  current  can  be  understood  from  Fig. 
2.22.  which  shows  the  current  and  voltage  waveforms  for  V  =  5^+  and 
65. k  V.  It  is  observed  that  the  induced  current  dips  gradually  as 
the  RF  voltage  increases,  reaches  its  minimum  at  approximately  2 66. k 
degrees  in  the  cycle,  and  rises  again  in  an  almost  similar  manner  as 
that  in  the  Si  hybrid  diode.  However,  there  are  several  differences 
in  the  current  waveforms  between  both  Si  diodes:  (l)  The  shape  of  the 
dip  is  always  narrower  in  the  Si  uniform  diode  than  in  the  Si  hybrid 
diode.  (2)  Comparing  the  induced  current  waveforms  for  the  Si 
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uniform  diode  at  V  =  65.^  V  and  the  Si  hybrid  diode  at  V  = 

52  V  (both  diodes  have  the  same  efficiency  at  these  points)  shows 
that  the  current  of  the  Si  uniform  diode  has  a  minimum  value  cf 
-  6.5  kA./cm2 ,  which  is  2.7  times  the  dc  current  in  magnitude,  compared 
with  a  value  of  -  2.9  kA/cm2  in  the  Si  hybrid  diode,  which  is  only 
1.8  times  the  dc  current  in  magnitude.  These  differences  result  in 
higher  harmonic  current  generation  in  the  Si  uniform  diode.  Since 
the  induced  currents  of  both  diodes  dip  almost  at  the  same  instant 
in  the  cycle,  the  harmonic  current  phase  angles  of  both  diodes  are 
nearly  the  same  at  higher  voltages.  Another  point  worth  noting  is 
that  since  the  dip  is  narrower  in  the  Si  uniform  diode,  the  funda¬ 
mental  efficiency  will  not  become  negative  until  the  current  minimum 
becomes  very  negative.  It  is  concluded  that  high  doping  concentration 
improves  harmonic  current  generation  of  the  Si  uniform  diode. 

The  GaAs  uniform  diode  has  the  highest  doping  concentration 
among  the  diodes  investigated.  Since  the  device  length  of  this  diode 
is  almost  one  half  that  of  the  Si  uniform  diode,  it  is  expected  that 
harmonic  current  generation  in  this  diode  can  be  improved  in  a  similar 
way  as  that  in  the  Si  uniform  diode.  The  induced  current  waveforms 
of  this  diode,  shown  in  Fig.  2.23,  are  similar  to  those  shown  in 
Fig.  2.22  except  that  the  current  waveform  at  =  38  V,  shown  in 
Fig.  2.23b,  has  a  sharp  peak  at  cat  =  288  degrees  in  the  cycle  and 
the  current  dips  at  cat  =  255-6  degrees  which  is  significant.  Since, 
in  GaAs,  the  electron  mobility  is  much  higher  than  the  hole  mobility 
and  the  doping  concentrations  on  both  sides  of  this  diode  are  net 
much  different,  the  magnitude  of  electric  field  in  the  n-side 
undepleted  region  is  much  lower  than  that  in  the  r-side  and  is 
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usually  less  than  the  critical  field  (k  kV/cm)  prior  to  wt  =  270 
degrees.  As  ut  approaches  270  degrees,  the  magnitude  of  the  field 
in  this  region  decreases.  Thi:  brings  down  the  negative  conduction 
current  significantly  in  this  region.  However,  the  current  change 
in  the  p-side  undepleted  region  is  small.  Until  wt  =  255*6  degrees, 
the  decrease  in  the  conduction  current  magnitude  in  the  n-side 
undepleted  region  becomes  significant  such  that  the  induced  current 
stops  decreasing,  even  though  the  undepleted  regions  continue  to 
widen.  This  unique  property  of  the  GaAs  uniform  diode  gives  the 
following  performance  differences  from  the  Si  uniform  diode: 

1.  Since  the  induced  current  of  this  diode  dips  not  at  wt  =  27C 
degrees,  the  GaAs  uniform  diode  can  still  have  a  positive  fundamental 
efficiency  at  =  38  V  corresponding  to  =  0.9^3. 

2.  The  induced  current  minimum  at  V  =  38  V  is  -  9*73  kA/cm2, 
which  is  over  three  times  the  dc  current  density. 

3.  The  harmonic  current  phasor  of  the  GaAs  uniform  diode  always 
leads  those  in  the  Si  uniform  diode  at  higher  RF  voltages. 

2.3.3e  Summary.  In  single-frequency  operation,  the 
harmonic  current  generation  of  IMPATT  diodes  is  subject  to  the  effects 
of  avalanche  multiplication,  drift  process,  and  depletion-layer 
modulation.  At  low  RF  voltages,  harmonic  current  generation  depends 
on  the  nonlinearity  of  the  ionization  rates  but  is  degraded  by  the 
drift  process  required  to  widen  the  induced  current  to  achieve 
optimum  fundamental  performance.  Hence,  the  harmonic  current  ampli¬ 
tude  is  much  lower  before  the  depletion-layer  modulation  takes 
place.  It  is  unlikely  that  diodes  will  be  operated  at  low  terminal 
voltages  to  generate  harmonic  power. 
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Deplet ion-layer  modulation  leads  to  higher  harmonic  current 
generation.  This  modulation  may  be  taken  advantage  of  to  generate 
harmonic  power.  However,  the  driving  RF  voltage  should  remain  high 
enough  to  induce  depletion-layer  modulation  significantly.  Depletion- 
layer  modulation  is  affected  by  doping  profile  and  v-E  characteris¬ 
tics  of  carriers.  From  the  preceding  discussion,  it  may  be  concluded 
that : 

1.  For  GaAs  Read  and  Si  hybrid  diodes,  the  low  doping  concentra¬ 
tion  leads  to  fast  movement  of  the  undepleted  region  edge  with  in¬ 
creasing  RF  voltage  level;  hence,  it  causes  a  rapid  fall  off  in  the 
fundamental  efficiency  and  rapid  increase  in  the  harmonic  current. 

The  early  collection  of  electron  pulse  is  responsible  for  the  satura¬ 
tion  in  the  third-harmonic  current.  In  general,  the  harmonic  current 
of  each  diode  is  too  sensitive  to  the  change  of  the  RF  voltage  level 
when  depletion-layer  modulation  occurs. 

2.  For  GaAs  uniform  and  Si  uniform  diodes,  the  high  doping  con¬ 
centrations  on  both  p-  and  n-sides  reduce  the  moving  velocities  of 
the  undepleted  region  edges,  hence,  slowing  down  the  carrier  collec¬ 
tion  process.  This  makes  the  induced  current  dip  gradually  with 
increasing  RF  voltage  and  yields  a  harmonic  current  less  sensitive 

to  the  change  of  RF  voltage.  Also,  the  fundamental  efficiency  does 
not  drop  as  fast  as  that  of  the  previous  two  diodes  and  becomes 
negative  at  very  high  voltage  modulation.  The  v-E  characteristic  of 
electrons  in  GaAs  makes  the  harmonic  current  phasor  in  the  GaAs 
uniform  diode  lead  that  in  the  Si  uniform  diode.  This  has  a 


significant  effect  on  their  harmonic  power  generation. 


-90- 


2.3.4  Multifrequency  Operation.  In  multi frequency  operation, 
device  performance  is  determined  by  nonlinear  interaction  among  the 
fundamental  and  harmonic  voltages  across  the  terminals.  The  presence 
of  harmonic  voltages  yields  a  nonsinusoidal  terminal  voltage  waveform 
that  affects  avalanche  multiplication  and  depletion-layer  modulation 
in  a  manner  different  from  the  single-frequency  case.  Consequently, 
the  induced  current  waveform  is  modified  considerably  and  so  is  the 
harmonic  current  content.  It  is  the  purpose  of  this  section  to  inves¬ 
tigate  the  effects  of  harmonic  voltage  on  harmonic  current  generation 
and  determine  the  optimum  terminal  voltage  waveform  to  maximize  the 
harmonic  power  output  from  the  diodes.  For  simplicity,  only  one 
harmonic  voltage  is  assumed  to  be  present  with  the  fundamental  voltage 
across  the  terminals.  A  great  deal  of  emphasis  is  placed  on  the  third 
harmonic  because  of  the  interest  in  third-harmonic  power  combining. 

2,3.4a  Third" Harmonic  Performance.  In  order  to  consider 
third-harmonic  operation,  the  terminal  RF  voltage  is  given  by 

V  =  Vx  sin  (ojt)  +  V3  sin  (3wt  +  0^y)  ,  (2.4l) 

where  is  the  phase  angle  of  the  third-harmonic  voltage  relative 
to  the  fundamental  voltage.  Normalizing  V  by  V  yields 

o  A 

=  sin  (<*)t)  +  V31  sin  (3u)t  +  0^)  , 

where  V  ^  =  V  /Vx  and  V31  =  V^/V^  In  order  to  understand  how  the 
third-harmonic  voltage  modifies  the  terminal  voltage  waveform,  the 
normalized  terminal  voltage  waveform  at  V31  =  1/9  and  1/5  with  0^y 
as  a  parameter  (Qyj  =  °>  30,  60  and  90  degrees)  is  plotted  in  Fig. 
2.24.  The  choice  of  such  0^y  is  based  on  the  fact  that  the 


FIG.  2.2k  PLOTS  OF  NORMALIZED  TERMINAL  RF  VOLTAGE.  (a)  V,.T  =  sin  6  +  (l/9 )  sin  (36 


third-harmonic  current  phase  angle  0^  at  high  RF  voltages  in 
single-frequency  operation  usually  lies  between  -  90  and  -  l8o 
degrees.  Therefore,  in  order  to  maximize  the  third-harmonic  power 
output,  0^y  must  be  between  zero  and  90  degrees  so  that 
cos  (Qjv  _  ■'■s  cl°se<^  to  minus  one. 

The  normalized  terminal  voltage  at  V  =  1/9,  shown  in  Fig. 

2.2Ua  has  a  unique  negative  peak.  This  is  only  true  as  long  as  V 
is  less  than  one  ninth.  It  is  seen  in  the  figure  that  the  normalized 
voltage  for  0^y  =  0  degrees  has  a  minimum  value  of  -  8/9  at  mt  = 

270  degrees  in  the  cycle  and  becomes  almost  flat  over  a  wide  region 
around  this  point.  In  other  words,  the  slope  of  the  voltage  is  small 
around  the  voltage  minimum  point.  As  0^y  increases  the  voltage  minimum 
appears  somewhere  beyond  cot  =  270  degrees  and  shifts  toward  cot  = 

270  degrees  with  a  more  negative  value.  The  voltage  slope  prior  to 
the  minimum  point  gradually  increases  in  magnitude.  The  voltage  for 
0^y  =  0  degrees  becomes  zero  at  cot  =  180  degrees  and  this  zero-crossing 
point  shifts  to  the  left  of  the  point  cot  =  180  degrees  as  0^y  in¬ 
creases.  Since  ^  jj(u>t  +  180),  the  voltage  maximum  has  the 

same  behavior  as  the  voltage  minimum  except  for  the  sign. 

At  V  =  1/5,  the  normalized  voltage  shown  in  Fig.  2.2kb  has  two 
minima  for  0^y  =  0  degrees ,  which  are  symmetrical  on  both  sides  of 
cot  =  270  degrees  and  have  the  same  value  of  -  O.815.  It  is  seen  in 
the  figure  that  where  0^y  increases,  the  minimum  appearing  prior  to 
cot  =  270  degrees  disappears  gradually  and,  in  contrast,  the  minimum 
appearing  beyond  cot  =  270  degrees  increases  in  magnitude  and  shifts 
its  position  toward  cot  =  270  degrees.  The  disappearance  of  the 
first  minimum  has  a  significant  effect  on  the  slope  of  the  voltage 


which  can  he  observed  in  the  figure.  As  before,  the  zero-crossing 


point  shifts  to  the  left  of  the  point  cot  =  180  degrees  when  0^y 
increases . 


For  high  V  ,  the  nonsinusoidal  voltage  waveform  due  to  the 
presence  of  a  third-harmonic  voltage  is  expected  to  have  the  following 
effects  on  harmonic  current  generation: 

1.  For  V  =  V  /9,  depletion-layer  modulation  at  0_,r  =  0  degrees 
is  suppressed  due  to  a  reduction  in  the  negative  minimum  value  in  the 
terminal  voltage.  Consequently,  the  third-harmonic  current  is  reduced. 
However,  increasing  0^y  will  enhance  depletion-layer  modulation  and 
cause  the  third-harmonic  current  to  increase.  The  dip  in  the  induced 
current  tends  to  shift  to  the  right  because  it  always  appears  close 

to  the  voltage  minimum.  This  increases  the  phase  delay  of  the  third- 
harmonic  current.  Once  the  dip  is  not  significant  or  shifts  away  from 
the  fundamental  voltage  minimum,  the  fundamental  efficiency  increases 
and  becomes  more  positive. 

2.  For  V3  >  V^/9,  two  voltage  minima  at  0^y  =  0  degrees  may  make 
the  undepleted  edges  move  back  and  forth  twice.  Even  though  the 
voltage  minimum  prior  to  cot  =  270  degrees  disappears  with  increasing 
@2y»  depletion- layer  modulation  is  affected  by  variation  in  the  slope 
of  the  voltage.  Nevertheless,  the  induced  current  still  dips  near 
the  other  voltage  minimum.  As  before,  the  third-harmonic  current  and 
its  phase  angle  are  modulated. 

3.  Particles  are  injected  into  a  drift  region  early  due  to  the 


left  shift  of  the  zero-crossing  point  of  the  voltage.  Hence,  they 


move  farther  into  the  drift  region  before  depletion-layer  modulation 
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takes  place.  This  affects  the  carrier  collection  process  and  the 
dip  shape  in  the  induced  current. 

4.  The  injected  current  waveform  may  be  modified  in  shape  with 
varying  e^y  and  .  This  affects  the  third-harmonic  current  generation 
at  low  RF  voltages. 

5.  The  back-bias  effect  is  modulated,  depending  on  whether 

depletion-layer  modulation  is  enhanced  or  suppressed.  At  0  =  0 

degrees  the  back-bias  effect  is  expected  to  decrease  and,  therefore, 
the  dc  voltage  increases.  For  0^y  >  0  degrees,  the  enhancement  in 
depletion-layer  modulation  makes  the  dc  voltage  decrease.  Nevertheless, 
this  gives  a  greater  amplitude  difference  between  the  dc  and  the 
fundamental  voltage.  A  higher  harmonic  voltage  can  be  applied  to  the 
terminal  without  causing  the  diode  to  be  forward  biased. 

In  general,  the  third-harmonic  current  amplitude  and  phase 
angle  are  functions  of  ,  V3  and  S^y  and  can  be  expressed  as 

j,  -  ww  i2-U2) 

and 


83I  03I^Vi’V3,e3V^  ' 


(2.43) 


The  normalized  third-harmonic  current  amplitude  J  is  defined  as 


J_„  =  J  /J. 

3N  3  dc 


(2.44) 


and,  therefore,  the  third-harmonic  power  and  efficiency  are  given  by 


P 3  “2  V3J3  cos  (03V  “  93I^ 


(2.45) 


and 


(2.4b) 


Eff 


=  P3/PdC 


"  2  V3NJ3N  COS  (03V  -  03I} 


Active  mode  operation  requires  both  Eff^  and  Eff3  to  be  positive  for 
power  generation.  Eff3  can  reach  its  maximum  provided  that  the  phase 
difference  6^  -  0^-j-  is  approximately  180  degrees,  but  Eff3  may  not 
be  positive  in  this  situation.  With  fixed  and  V3  and  varying  0  , 

the  following  three  cases  are  possible:  (l)  Eff3  is  always  positive 
for  all  Sjv’  (2)  Eff x  becomes  negative  after  Eff3  reaches  its  maximum, 
and  (3)  Effx  becomes  negative  before  Eff3  reaches  its  maximum.  For 
the  first  two  cases,  the  maximum  Eff3  is  chosen  for  comparison  but 
for  the  last  case,  Eff3  at  Eff^  =  0  is  chosen  for  comparison.  Details 
about  harmonic  current  generation  and  maximum  attainable  third- 
harmonic  efficiency  for  the  diodes  investigated  are  given  next. 

As  discussed  previously ,  the  GaAs  Read  diode  in  single¬ 
frequency  operation  has  a  harmonic  current  that  is  sensitive  to  the 
variation  of  the  RF  voltage  level.  Consequently,  the  third-harmonic 
current  undergoes  a  significant  change  while  varying  0^y  and  V3 .  This 
can  be  understood  by  comparing  the  injected  and  induced  current  wave¬ 
forms  shown  in  Figs.  2.25  and  2.26  for  V  =  32.6  V. 

Without  applying  V3,  the  injected  current  peaks  at  cot  =  15^+.  8 

degrees  in  the  cycle  and  has  a  peak  value  of  3 - T 5  kA/cm2  and  a  width  of 

68. U  degrees  and  the  induced  current  shows  a  very  broad  dip  around 

cot  =  270  degrees.  For  V  =  2  V  and  0  =  0  degrees,  the  terminal  RF 

3  j  V 

voltage  has  a  minimum  value  of  -  30.6  V,  which  is  just  low  enough  to 
cause  depletion-layer  modulation.  A  dip  can  be  observed  in  the  induced 
current  waveform,  shown  in  Fig.  2.25a,  at  cot  =  263  degrees,  but  it  is 
not  significant.  The  injected  current  now  has  a  peak  value  of 
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FIG.  2.25  LARGE-SIGNAL  SOLUTIONS  FOP.  THE  GaAs  READ  DIODE  AT 

(a)  V  =  32.6  V,  V  =  2  V  AND  9„r  =  0  DEGREES  AND 

1  3  3V 

(b)  V  =  32.6  V,  V  =  2  V  AND  9_,r  =  30  DEGREES. 
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FIG.  2.26  LARGE-SIGNAL  SOLUTIONS  FOR  THE  GaAs  READ  DIODE  AT 

(a)  V  =  32.6  V,  V  =  6  V  AND  9„.  =  0  DEGREES  AND 

1  3  3V 

(b)  V  =  32.6  V,  V  =  6  V  AND  e„Tr  =  30  DEGREES. 
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6.28  kA/cm2  at  cot  =  162  degrees  and  a  width  of  64.8  degrees.  This 
little  improvement  in  the  injected  current  has  a  negligible  effect  on 
the  third-harmonic  current  due  to  the  drift  process.  The  third- 
harmonic  current  decreases  from  1268  A/cm2  to  326  A/cm2  and  the 
fundamental  efficiency  is  improved  from  -  4.9  to  30.27  percent.  The 
decrease  in  the  third-harmonic  current  indicates  the  essential  role 
of  depletion- layer  modulation  on  the  device  nonlinearity. 

Figure  2.25b  shows  the  terminal  voltage  and  current  waveforms 
for  V3  =  2  V  and  6^.  =  30  degrees.  The  terminal  RF  voltage  now  has 
a  negative  peak  value  of  -  31.1  V  at  cot  =  278.5  degrees.  The  increase 
in  the  negative  peak  value  enhances  depletion-layer  modulation  and 
causes  the  induced  current  to  dip  significantly  at  cot  =  270  degrees. 

The  third-harmonic  current  increases  from  326  to  435  A/cm2,  and  the 
corresponding  Eff3  changes  from  0.48  to  0.84  percent.  Although  the 
injected  current  now  has  a  narrower  width  of  61.2  degrees,  it  is 
believed  that  this  narrow  injected  current  contributes  little  to  the 
increase  in  the  third-harmonic  current. 

Figure  2.26  illustrates  the  terminal  voltage  and  current  wave¬ 
forms  for  V3  =  6  V.  Since  the  corresponding  V31  is  now  0.184,  which  is 
greater  than  one  ninth,  the  terminal  RF  voltage  for  6^v  =  0  degrees 
has  two  negative  peaks  with  the  same  value  of  28.27  V  at  cot  =  236.9 
and  303.1  degrees,  respectively.  It  is  clear  from  Fig.  2.26a  that  no 
significant  depletion-layer  modulation  occurs  fcr  0  =  0  degrees, 

and  only  a  small  dip  is  observed  at  cot  =  303.1  degrees,  at  which 
most  carriers  had  been  collected  at  the  contact.  As  a  result,  the 
third- harmonic  current  is  only  123  A/cm2.  Instead,  avalanche  multi¬ 
plication  plays  a  dominant  role  in  determining  the  third-harmonic 


current.  However,  the  injected  current  width  is  now  68. h  degrees, 
which  is  still  too  wide  to  improve  the  third-harmonic  current. 

For  V3  =  6  V  and  0  =  30  degrees,  as  shown  in  Fig.  2.26b, 

the  RF  voltage  negative  peak  becomes  significant  to  enhance  depletion- 
layer  modulation  to  cause  the  induced  current  dip  at  ait  =  291.6 
degrees.  Consequently,  the  third-harmonic  current  increases  to 
365.8  A/cm2,  but  with  more  phase  delay  (l8U  degrees).  It  is  seen 
from  the  phasor  diagram  shown  in  Fig.  2.27  that  while  the  third- 
harmonic  voltage  rotates  counterclockwise',  the  corresponding  third- 
harmonic  current  rotates  in  an  opposite  direction  with  an  increase  in 
magnitude.  This  behavior  reduces  the  phase  difference  0 -  8 
and  finally  makes  the  third  efficiency  decrease. 

Detailed  effects  of  the  third-harmonic  voltage  on  device  perfor 
mance  at  V1  =  32.6  V  are  shown  in  Fig.  2.28  which  plots  J^N  and  Eff3 
as  functions  of  0^v  with  V3  as  a  parameter.  It  Is  seen  in  the  figure 
that  J.^N  for  9,y  =  0  degrees  decreases  significantly  as  V3  increases 
from  1  to  2  V.  The  decrease  in  slows  down  for  V3  =  2  V,  and 
until  V3  =  4  V,  no  significant  decrease  can  be  observed.  This 
evidence  is  enough  to  indicate  the  sensitive  dependence  of  depletion- 
layer  modulation  on  the  terminal  RF  voltage.  At  high  V3 ,  with  6 ^  = 

0  degrees,  depletion-layer  modulation  is  not  significant  and  therefore 
the  avalanche  multiplication  and  drift  process  become  important  for 
third-harmonic  current  generation.  However,  J  is  unfortunately 
small  in  this  situation  due  to  the  drift  process. 

As  increases,  J.^  increases  accordingly  due  to  the  enhance¬ 

ment  in  depletion-layer  modulation.  It  is  clear  from  Fig.  2.28  that 
the  increasing  rate  of  <T  „  is  higher  at  higher  V  ,  since  the  RF 
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A  PHASOR  DIAGRAM  FOR  THE  THIRD-HARMONIC  CURRENT 
PHASOR  OF  THE  GaAs  READ  DIODE  AT  DIFFERENT 


CONDITIONS. 


voltage  negative  peak  value  changes  rapidly  with  0^.  As  a  result 
of  the  property  of  J  ,  Eff  decreases  with  V  first  and  increases 
when  V3  is  high.  Also,  Eff3  for  a  fixed  V3  is  an  increasing  function 
°f  e3V- 

As  long  as  V  is  high  enough  to  induce  depletion-layer  modula¬ 
tion,  the  behavior  of  at  different  values  of  is  almost  the  same 
except  for  a  minor  difference  in  the  magnitude  attributed  to  the 
dependence  of  depletion-layer  modulation  on  the  terminal  voltage.  It 
is  expected  that  for  the  same  and  0^,  J  is  an  increasing 

function  of  V^.  Therefore,  Eff^  increases  with  V  ,  until  active  mode 
operation  cannot  be  maintained. 

The  maximum  attainable  Eff  at  each  V  ,  denoted  as  Eff  ,  is 

3  3  3max 

plotted  in  Fig.  2.29  with  V,  as  a  parameter.  For  V  =  31  V,  Eff 

l  l  3max 

monotonically  increai  es  with  because  depletion-layer  modulation  is 

not  important.  For  V  >  32  V,  Eff  peaks  between  V  =2  and  b  V, 

l  3max  3 

but  drops  as  gets  higher.  This  is  obviously  the  consequence  of  a 

rapid  change  of  0^,.  with  V"3 .  An  interesting  aspect  in  this  figure 

is  the  fall  off  of  Eff  around  V  =  2  V  for  V  =  32. ^  and  32.6  V. 

3max  3  1 

This  can  be  understood  from  Fig.  2.28  in  which  J  decreases  signifi¬ 
cantly  around  V  =  2  V. 

3 

Overall,  the  optimum  third-harmonic  efficiency  for  this  diode 
is  1.67  percent  at  =  33  V,  =  k  V,  and  0  ^  =  30  degrees. 

It  was  shown  previously  that  the  Si  hybrid  diode  in  single¬ 
frequency  operation  exhibits  a  slow  rise  in  with  V^,  compared 
with  that  of  the  GaAs  Read  diode.  This  results  in  a  great  difference 
in  third-harmonic  performance  between  these  two  diodes.  The  difference 
can  be  understood  by  comparing  their  induced  current  waveforms. 
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FIG.  2.29 


MAXIMUM  Eff  VS.  THIRD-HARMONIC  VOLTAGE  AT 
3 

DIFFERENT  FUNDAMENTAL  VOLTAGE  AMPLITUDES 
FOR  A  GaAs  READ  DIODE. 


Figure  2.30  shows  the  terminal  voltage  and  current  waveforms  of 
this  Si  diode  at  V  =  50  V. 

At  V,  =  2  V,  the  induced  current  for  0„r  =  0  degrees,  shown  in 
Fig.  2.30a,  has  a  minimum  value  of  -  0.39  kA/cm2  at  cot  =  266.6  degree 
in  the  cycle,  compared  with  the  value  of  -  1.21  kA/cm2  at  cot  =  270 


degrees  in  the  single- frequency  case.  The  change  in  the  induced 


current  waveform  gives  rise  to  a  reduction  in  J3  from  1138  A/cm2  to 


971  A/cm2  and  a  slight  increase  in  0  from  -  I58.8  to  -158.1  degrees 


Figure  2.30a  shows  the  induced  current  waveform  for  0  y  =  30  degrees. 


The  induced  current  minimum  is  now  -  O.89  kA/cm2  at  cot  =  273.6  degrees 


This  corresponds  to  an  increase  of  J3  to  1028.8  A/cm2  and  a  decrease 


of  0^-j.  to  -  165.7  degrees.  The  change  in  the  injected  current  is  too 


small  to  affect  J3. 


At  V3  =  6  V,  the  induced  current  for  0^y  =  0  degrees,  shown  in 


Fig.  2.31b,  suffers  a  great  change  compared  to  Fig.  2.30a  for  V3  = 


2  V.  The  variation  in  the  induced  current  waveform  around  cot  =  270 
degrees  is  apparently  due  to  two  minima  in  the  voltage  waveform.  At 


this  condition,  J  reduces  to  585  A/cm2  and  0_T  becomes  -  159*8 
3  31 


degrees.  For  8^y  =  30  degrees,  as  shown  in  Fig.  2.31b,  the  induced 


current  dips  at  cot  =  288  degrees  in  the  cycle  with  a  minimum  value  of 
-  1.96  kA/cm2.  However,  the  dip  shape  becomes  wider  than  that  in  the 
single-frequency  case.  As  a  result,  J,  is  only  922  A/cm2  but  0. 


j  -i.  kj  ^  31 

decreases  to  -  19^  degrees.  It  is  noted  that  the  third-harmonic 


current  phasor  rotates  clockwise  in  the  phasor  plane  as  0^.  varies. 


In  comparison  with  the  GaAs  Read  diode,  the  Si  diode  exhibits 


moderate  dependence  of  J  and  0  on  the  third-harmonic  voltage. 

3  3  V 


Figure  2.32  plots  J „  and  Eff3  vs.  0^v  for  several  values  of  V^. 
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?IG.  2.30  LARGE-SIGNAL  SOLUTIONS  FOR  A  Si  HYBRID  DIODE  AT 

(a)  V  =  50  V,  V  =  2  V  AND  e^T  =  0  DEGREES  AND 

1  3  3V 

(b)  V  =  50  V,  V  =  2  V  AND  0,,.  =  30  DEGREES. 
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FIG.  2.31  LARGE-SIGNAL  SOLUTIONS  FOR  A  Si  HYBRID  DIODE  AT 

(a)  V  =  50  V,  V  =  6  V  AND  0„_  =  0  DEGREES  AND 

1  3  3V 

(b)  V  =  50  V,  V  =  6  V  AND  9  =  30  DEGREES. 
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The  slow  reduction  in  J  with  increasing  V3  can  be  observed. 

Because  of  this  slow  reduction,  Eff  increases  gradually  with  V3  until 
active  mode  operation  is  no  longer  maintained.  The  behavior  of  Eff 
of  this  diode  differs  from  that  in  the  GaAs  Read  diode.  Hence, 
higher  Eff  can  be  achieved  in  this  diode. 

Figure  2.33  plots  Eff  vs.  V  for  several  values  of  V  . 

3 max  a  i 

Eff  is  observed  to  increase  with  V  until  Eff  becomes  negative. 

3max  l  l  & 

It  is  found  from  simulation  that  when  V  exceeds  52  V,  active  mode 
operation  is  impossible  to  achieve  due  to  the  fact  that  the  dip  in 
the  induced  current  waveform  is  too  wide  to  make  Eff  positive.  This 
greatly  restricts  the  third-harmonic  power  generation  capability  of 
this  diode.  Therefore,  it  is  unlikely  that  this  diode  will  be 
operated  at  high  to  generate  harmonic  power.  The  optimum  third- 

harmonic  efficiency  found  from  the  simulation  is  2.1  percent  at 
Vi  =  50  V,  V3  =  6  V,  and  ~  20  degrees. 

The  Si  uniform  diode  can  achieve  an  optimum  third-harmonic 
efficiency  of  3.1  percent  which  occurs  at  =  65.  ^  V,  =  f  V  and 
d^y  =  15  degrees.  This  diode  shows  much  better  harmonic  performance 
than  the  previous  two  diodes.  In  single-frequency  operation,  this 
diode,  owing  to  its  high  doping  concentration,  can  produce  high 
third-harmonic  current  which  varies  slowly  with  terminal  voltage 
level.  With  this  property,  J3  in  multi frequency  operation  is 
expected  to  be  less  influenced  by  the  presence  of  V3  in  the  terminal 
voltage.  The  induced  current  and  voltage  waveforms  plotted  in  Figs. 
2.3^  and  2.35  are  used  to  examine  the  influence  of  V  on  J  for 
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At  V3  =  3  V,  as  shown  in  Fig.  2.3 9,  the  terminal  RF  voltage 
for  =  0  degrees  has  a  minimum  value  of  6l  V  and  the  corresponding 
induced  current  has  a  minimum  value  of  -  1.78  kA/cm2,  compared  with 
the  value  of  -  9.01  kA/cm2  in  the  single-frequency  case.  Consequently, 
J3  decreases  from  2231  to  1717.9  A/cm2  and  02j  is  now  -  15"+. 6  degrees. 
As  6 increases  to  30  degrees,  the  current  minimum  value  becomes 
-  2. 1+3  kA/cm2  and  the  dip  position  shifts  from  262.8  degrees  for 
0^y  =  0  degrees  to  270  degrees.  This  leads  to  an  increase  of  J3  to 
1835.9  A/cm2  and  a  decrease  of  0-,j  to  -  163.3  degrees.  No  significant 
change  in  the  injected  current  waveform  was  observed. 

At  V3  =  9  V,  as  shown  in  Fig.  2.35a,  the  induced  current  for 
=  0  degrees  has  two  minima  with  different  values  (positive). 

J3  drops  to  69!+. 8  A/cm2  and  0^  becomes  -  175  degrees.  For  0^y  = 

30  degrees,  the  induced  current  dips  at  wt  =  288  degrees  with  a  minimum 
value  of  -  3-5  kA/cm2.  The  corresponding  J3  increases  to  1517.2  A/cm2 
and  0  ^  decreases  to  -  209  degrees.  It  is  apparent  from  Fig.  2.35b 
that  the  dip  becomes  wider  than  that  in  the  single-frequency  case. 

Hence  J3  at  this  condition  is  still  less  than  that  in  the  single¬ 
frequency  case.  The  phase  difference  0^  -  0  ^  is  now  -  126  degrees 
and  the  corresponding  cos  (Qjy  -  S^j)  -'•s  O’ 59,  which  is  far  less 
than  unity.  Therefore,  Eff  will  decrease  beyond  0^y  =  30  degrees. 

and  Eff3  vs.  with  as  a  parameter  are  plotted  in 
Fig.  2.36  for  V  =  6U  V.  Comparison  at  the  same  V3  shows  that  this 
diode  can  have  a  higher  than  the  Si  hybrid  diode  at  =  50  V. 

As  a  result,  this  diode  can  achieve  higher  Eff3 .  From  the  figure, 

Eff3  for  a  given  V3  always  reaches  a  maximum  value  around  0^v  = 

30  degrees.  This  is  because  8  is  always  between  -  159  and  -  l8C 


EFF3  m 


However, 


degrees  and  J  does  not  show  a  great  dependence  on  0  . 

the  dependence  of  0,  on  V  and  9  gives  rise  to  the  small  change 

_ji  3  3  V 

in  Eff3  between  V  =  6  and  8  V. 

Eff  as  a  function  of  V  is  slotted  in  Fig.  2.37  with  V 
amax  3  0  1 

as  a  parameter.  Eff  shows  a  sign  of  saturation  around  V  =  7  V 

3max  3 

for  V  =  62  V.  Furthermore,  for  V,  =  5^  V,  Eff  is  low  and 
1  1  3 max 

increases  very  slowly  with  V, .  Therefore,  in  terms  of  third-harmonic 
efficiency,  it  seems  to  be  unfavorable  to  operate  this  diode  at  either 
low  V  or  high  for  harmonic  power  generation. 

The  GaAs  uniform  diode  can  achieve  an  optimum  third-harmonic 
efficiency  of  b.±6  percent  at  V  =  37*  ^  V,  V  =  U.5  V,  and  0  ,  = 

30  degrees.  From  the  results  of  single-frequency  operation,  this  diode 
can  have  a  higher  than  the  other  diodes  and  also  have  a  small 
phase  delay  in  the  third-harmonic  current.  As  a  result,  this  diode 
can  achieve  better  third-harmonic  performance.  A  detailed  investigation 
about  the  effects  of  third-harmonic  voltage  on  device  performance  is 
given  in  the  following. 

Figures  2.38  and  2.39  plot  the  induced  current  and  terminal 
voltage  waveforms  for  V  =  37  V.  At  V3  =  2  V  the  induced  current 
waveform  for  Q^y  =  0  degrees,  shown  in  Fig.  2.38a,  has  a  minimum  value 
of  -  2.59  kA/cm2  at  mt  =  255*6  degrees  in  the  cycle  compared  with  the 
value  of  -  5*92  kA/cm2  for  the  single-frequency  case.  The  corres¬ 
ponding  J3  decreases  from  3320. U  A/cm2  to  252U.8  A/cm2  and  has 
a  value  of  -  127*1  degrees,  which  is  the  same  as  that  in  the  single¬ 
frequency  case.  When  6,y  becomes  30  degrees,  the  induced  current 
has  a  minimum  value  of  -  3*26  kA/cm2  at  ojt  =  262.8  degrees.  Cense- 
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FIG.  2.37  MAXIMUM  Eff  VS.  THIRD- HARMONIC  VOLTAGE  AT  DIFFERENT 
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degrees.  At  V  =  6  V,  as  shown  in  Fig.  2.39a  for  0  =  0  degrees, 

the  terminal  voltage  minima  have  a  profound  effect  on  the  induced 
current  waveform.  At  this  condition,  J3  is  now  640.1  A/cm2  and 
is  -  148.2  degrees.  As  0^y  becomes  30  degrees,  the  induced 
current  minimum  shifts  to  288  degrees  and  has  a  value  of  -  7  kA/cm2. 

The  dip  in  the  current  is  not  as  sharp  as  that  in  the  single-frequency 
case  because  of  the  variation  in  slope  of  the  terminal  voltage  around 
ujt  =  270  degrees.  Hence,  J3  will  not  be  as  high  as  in  the  single¬ 
frequency  case.  It  is  found  that  J3  is  only  2254  A/cm2  and  0  is 
-  190  degrees. 

In  general,  the  magnitude  of  9^  in  this  diode  is  always  less 
than  that  in  the  Si  uniform  diode.  As  indicated  previously,  the 
difference  in  0  ^  between  these  two  diodes  arises  from  the  fact  that 
in  the  GaAs  uniform  diode,  the  induced  current  at  high  RF  voltages 
tends  to  dip  before  the  voltage  goes  to  a  minimum.  Consequently, 
for  fixed  V  and  V3 ,  Eff3  in  the  GaAs  uniform  diode  reaches  its 
maximum  around  Q^y  =  40  degrees  instead  of  30  degrees  as  in  the 
Si  uniform  diode.  Since  it  is  known  that  depletion-layer  modulation 
will  be  enhanced  with  increasing  Q^V’  tiie  ^a"^s  unif01"111  diode  can 
achieve  higher  J  at  the  maximum  Eff3  point  than  the  Si  diode.  It 

can  be  concluded  that  the  GaAs  uniform  diode  can  have  higher  third- 

harmonic  efficiency  than  the  other  diode. 

The  normalized  third-harmonic  current  and  third-harmonic 

efficiency  at  V  =  37  V  are  plotted  in  Fig.  2. to  as  functions  of 

9  y.  It  is  seen  that  has  a  higher  decreasing  rate  with  respect 

to  V  than  that  in  the  Si  uniform  diode.  This  is  because  the  GaAs 

3 

diode  has  a  shorter  device  length.  The  high  decreasing  rate  in 
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T}.  2. kO  J„T  AMD  Eff  VS.  0„r  AT  V  =  37  V  FOR  A  GaAs 

JN  3  jV  i 

UNIFORM  DIODE. 


EFF3  (X 


is  responsible  for  saturation  in  Eff3  for  V3  >  5  V.  It  is 
also  understandable  that  for  a  fixed  V3  the  GaAs  uniform  diode  has 


a  higher  increasing  rate  in  J_,T  with  resrect  to  9_,T  than  other 


3N 


3V 


diodes . 


Figure  2.41  is  a  clot  of  Eff  vs.  V  for  different  values 
-  3max  3 

of  V  .  One  interesting  aspect  in  this  plot  is  that  the  GaAs  uniform 

diode  does  not  show  a  higher  Eff  at  V  =38  V  than  at  V  =  37.4  V. 

3max  3  i 

This  is  primarily  because  at  V  as  high  as  38  V,  active  mode  operation 

cannot  be  maintained  for  6^y  deviating  from  zero  degrees.  As  before, 

for  a  fixed  V  ,  Eff  saturates  for  V  around  6  V.  This  limits  the 
l  3max  3 

capability  of  this  diode  for  third-harmonic  power  generation. 

2.3.4b  Second-Harmonic  Performance  for  the  Si  Uniform 
Diode.  The  Si  uniform  diode  is  chosen  to  study  its  second-harmonic 
performance  because  it  can  achieve  higher  second-harmonic  current 
generation  in  single-frequency  operation  than  other  diodes  investigated 
In  this  study  the  terminal  RF  voltage  is  given  by 


V  =  V,  sin  L)t)  +  v,  sin  (2wt  +  0...)  (2.47) 

t  l  2  2V 


and  the  second-harmonic  output  power  and  efficiency  are  calculated  by 


p2  =  -  2  V2J2  COS  (02I  -  e2V} 


(2.48) 


and 


Eff 2  2  V2NJ2N  COS  ^02I  02V^  ’ 


(2.49) 


where  is  the  phase  angle  of  the  second-harmonic  voltage  relative 
to  the  fundamental  voltage,  J  ^  =  Jj/I^*  and  ^2N  =  V2^Vdc'  Pn 


order  to  achieve  high  second-harmonic  power  generation  in  active 
mode  operation,  it  is  needed  to  keep  V  as  high  as  possible  to  induce 


FIG.  2.1+1 
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depletion-layer  modulation  and  to  choose  an  appropriate  V2  and  0 
not  only  to  shift  the  induced  current  minimum  away  from  the  fundamental 
voltage  minimum  hut  also  to  yield  0  -  0  =  180  degrees.  From  the 

simulation  results  presented  in  Table  2.4  it  is  expected  that  for  a 
fixed  ,  Eff2  can  reach  its  maximum  provided  that  is  around 
-70  degrees  and  V2  is  not  too  high.  Therefore,  it  is  worthwhile  to 
examine  the  resulting  terminal  RF  voltage  in  the  presence  of  a  small 
second-harmonic  voltage. 

Figure  2.42  plots  the  normalized  terminal  RF  voltage  V 
(V  jj  =  v-fc/v1)  for  V2/Vi  =  1/5  with  0  =  -  90  to  0  degrees.  This 

normalized  voltage  waveform  has  two  asymmetric  portions  (positive 
and  negative  going).  For  0  =  -  90  degrees,  the  negative-going  por¬ 

tion  is  almost  flat,  approximately  cot  =  270  degrees,  but  the  positive¬ 
going  portion  is  sharp.  As  increases,  the  voltage  minimum  in  an 
almost  similar  manner  as  the  case  shown  in  Fig.  2.24a  shifts  toward 
cat  =  270  degrees  with  an  increase  in  magnitude.  Therefore,  it  is 
expected  that  increasing  0^y  will  enhance  depletion-layer  modulation. 

In  contrast,  the  voltage  maximum  value  decreases  with  increasing  0  y 
This  affects  the  formation  of  the  injected  current.  Also,  the  zero¬ 
crossing  point  of  the  voltage  waveform  shifts  to  the  left  of  ojt  = 

180  degrees.  The  extent  of  this  shift  depends  on  the  ratio  of  V2 /V1 . 
Nevertheless,  the  injected  current  waveform  shifts  to  the  left.  It 
can  be  derived  for  e^y  =  -  90  degrees,  the  voltage  has  only  a  minimum 
provided  that  V2/V  =  1/4.  With  this  property,  a  high  second- 
harmonic  voltage  can  be  applied  to  the  terminal  without  causing  two 
minima  in  the  terminal  voltage  waveform.  It  was  known  from  the 


previous  study  that  the  appearance  of  two  voltage  minima  deteriorates 
the  dip  shape  and  increases  the  phase  delay  of  harmonic  current. 

The  terminal  voltage  and  current  waveforms  for  V  =  6k  V 
and  V2  =  10  V  are  plotted  in  Fig.  2.1+3.  For  9^^  =  -  90  degrees,  the 
terminal  voltage  has  a  minimum  value  of  -  5k  V  at  at  =  270  degrees 
in  the  cycle.  The  corresponding  induced  current  has  a  minimum  value 
cf  -  1.5  kA/cm2,  compared  with  the  value  of  -  k.01  kA/cm2  for  the 
single- frequency  case.  J2  and  0  are  now  1725.1+  A/cm2  and  112 
degrees,  respectively,  compared  with  3I+87  A/cm2  and  98.6  degrees  for 
the  single-frequency  case.  For  6 ^  =  -  1+5  degrees,  the  induced  current 
waveform  shown  in  Fig.  2.1+ 3b  has  a  significant  dip  because  of  the 
change  in  the  terminal  voltage.  The  induced  current  now  has  a 
minimum  value  of  -  2.05  kA/cm2  at  u)t  =  280.8  degrees.  Consequently, 

J2  increases  to  2828.3  A/cm2  but  9^j  decreases  to  91.1“  degrees.  In 
comparison  with  the  third-harmonic  performance  of  this  diode  at  the 
same  ,  the  second-harmonic  voltage  does  not  affect  the  second- 
harmonic  current  significantly.  The  primary  reason  may  be  due  to  the 
difference  in  the  resulting  terminal  RF  voltage  waveform.  For  the 
third-harmonic  case,  the  terminal  RF  voltage  waveform  has  two  minima 
fore  =  0  degrees,  if  V  >  V  /9«  For  the  second-harmonic  case,  the 

j  V  4  X 

voltage  waveform  has  two  minima  at  0^ y  =  -  90  degrees  only  if 

V  >  V  /!+. 

2  1 

Detailed  second-harmonic  performance  at  V  =  61+  V  is  shown  in 
Fig.  2.1+1+.  It  is  seen  that  J  ^  slowly  decreases  with  increasing  V2 
and  is  always  above  0.3  in  the  range  of  V2  indicated  in  the  figure. 

As  a  result,  Eff2  is  usually  greater  than  Eff3  shown  in  Fig.  2.36. 

The  maximum  Eff  achievable  at  V  =  6k  V  is  8.71  percent,  compared 
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with  the  value  of  2.49  percent  for  Eff  .  The  maximum  second-harmonic 

efficiency  achieved  at  various  V  and  V  ,  denoted  as  Eff  ,  is 

12’  2 max 

plotted  in  Fig.  2.45.  From  the  figure,  Eff„  _r  monotonically  increases 

-  max 

with  V2  and  V  and  never  shows  saturation  in  the  voltage  range  indi¬ 
cated  in  this  figure.  The  optimum  second-harmonic  efficiency  is  10.96 
percent  at  =  65.8  V,  =  20  V,  and  0  =  -  oO  degrees. 

2.3.4c  Calculation  of  Harmonic  Power  Out nut .  In  order  to 
calculate  harmonic  power  output  for  the  diodes  investigated,  the  diode 
area  must  be  determined  by  taking  into  account  circuit  matching  and 
thermal  effects.  At  first,  third-harmonic  power  is  calculated 
neglecting  thermal  effects.  The  diode  area  is  chosen  such  that  diodes 
can  match  1  ft  of  circuit  resistance  at  the  third  harmonic.  Thus  the 
diode  area  is  given  by 


A 


Bd3 


(2.50) 


where  C,  ,  B,  and  R,  are  device  conductance,  susceptance,  and  resis- 
d3  d3  d3 

tance  at  the  third-harmonic,  respectively.  Based  on  the  results  shewn 
in  Figs.  2.29,  2.33,  2.37,  and  2.4l,  Tables  2.5  and  2.6  present  the 
calculated  third-harmonic  power  output  together  with  some  large- 
signal  results.  In  the  tables  against  each  fundamental  voltage,  the 
first  row  lists  calculated  results  for  the  maximum  third-harmcr.ic  power 
point  and  the  second  row  lists  the  calculated  results  for  the  maximum 
harmonic  efficiency  point.  One  interesting  aspect  that  can  be  seen 
from  the  tables  is  that  the  diodes  cannot  deliver  as  much  third- 
harmonic  power  at  the  maximum  third-efficiency  point  as  at  the 
maximum  third-harmonic  power  point.  This  means  that,  in  terms  of 
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third-harmonic  power,  it  is  better  to  operate  the  diodes  at  low 
third-harmonic  voltages.  It  was  known  from  the  previous  discussions 

that,  for  a  fixed  V  ,  third-harmonic  current  alwavs  decreases  with 

1 

increasing  third-harmonic  voltage.  Consequently,  the  negative  device 
third-harmonic  resistance  is  a  decreasing  function  of  third-harmonic 
voltage.  This  leads  to  the  decrease  of  third-harmonic  power  with 
increasing  third-harmonic  voltage.  However,  third-harmonic  efficiency 
is  independent  of  device  area  (-  R )  so  it  can  increase  until 
saturation  occurs. 

Another  interesting  point  is  that  the  expected  third-harmonic 
power,  except  that  of  the  GaAs  Read  diode,  becomes  higher  at  higher 
V  .  Hence  it  is  preferable  to  take  advantage  of  depletion-layer 
modulation  to  enhance  the  third-harmonic  power  output.  R^  listed  in 
the  tables  is  the  thermal  resistance  required  to  keep  the  diode 
temperature  below  500°K. 

The  tables  indicate  that  the  Si  uniform  diode  can  deliver  a 
maximum  third-harmonic  power  of  l»ll£  W,  but  at  the  optimum  third- 
harmonic  efficiency  condition,  it  can  only  deliver  0.5^5  W.  The 
Si  hybrid  diode  can  produce  a  maximum  third-harmonic  power  of  0.338  W 
compared  with  the  value  of  0.125  W  at  the  optimum  third-harmonic 
efficiency  condition.  The  GaAs  Read  diode  can  achieve  a  maximum 
third-harmonic  power  of  0.115  W  compared  with  O.OlU  W  at  the  optimum 
third-harmonic  efficiency  condition.  The  GaAs  uniform  diode  can 
generate  a  maximum  third-harmonic  power  of  0.708  W  compared  with  the 
value  of  0.298  W  at  the  optimum  third-harmonic  efficiency  condition. 

It  is  concluded  that,  without  considering  thermal  effects,  the  Si 
uniform  diode  outperforms  the  other  diodes  in  terms  of  third-harmonic 


power  generation.  This  is  partly  due  to  the  fact  that  the  Si  uniform 


diode  has  a  higher  impedance  level,  which  is  associated  with  its  long 
device  length  and  high  third-harmonic  current  generation. 

Although  Tables  2.5  and  2.6  are  estimates  of  the  maximum  third' 
harmonic  power  generating  capabilities  of  diodes  at  different  V  ,  not 
all  the  values  can  be  achieved  in  practice  under  CW  conditions  if 
thermal  effects  are  taken  into  consideration.  For  thermal  considera¬ 
tions,  the  maximum  diode  safe  operating  temperature  of  500°K  is 
assumed.  This  condition  may  not  be  met  with  an  arbitrary  diode  area. 
Hence,  the  following  analysis  demonstrates  the  restrictions  imposed 
on  diode  area  and  maximum  achievable  third-harmonic  power  for  the 
diodes  under  CW  conditions. 

A  simplified  diode  and  heat  sink  structure81  used  for  thermal 
considerations  is  given  in  Fig.  2.b6.  It  is  assumed  that  thermal 
contacts  between  metallic  layers  are  ideal  and  all  the  heat  flows 
through  the  bottom  contact  to  the  infinite  half-space  heat  sink.  The 
thermal  resistance  for  a  circular  diode  with  a  diameter  D  is  given  by 


_t  +  _£  + 


ukhsD  +  ^  k +  k 


uti  i  i-6t2 
+  itD2*2 


>  (2.51: 


where  k^^  is  the  thermal  conductivity  of  the  heat  sink  and  the  other 
symbols  are  defined  in  Fig.  2.U6.  The  first  term  in  the  preceding 
equation  gives  the  thermal  spreading  resistance  for  the  infinite 
half-space  heat  sink.  This  term,  adopted  from  the  report  by  Mains 
and  Haddad,73  is  the  result  obtained  by  Kennedy82  for  the  case  of  a 
uniform  current  heat  flux  incident  on  a  large  cylindrical  heat  sink. 
Diamond  and  coDDer  heat  sinks  are  used.  The  thermal  conductivities 


of  diamond  and  copper  are  11.7  and  3.9  W/cm-°C,  respectively.  A 
ring  geometry  is  used  to  reduce  the  value  of  the  first  term.  As 
explained  in  Reference  73,  improvement  by  a  factor  of  0.55  is  used 
for  this  term. 

The  terms  in  parentheses  of  Eq.  2.51  are  contributed  from  the 
metallization  layers  for  ohmic  contact  purposes.  The  layer  thick¬ 
ness  and  thermal  conductivities  of  the  layers  are  indicated  in  Fig. 
2.46.  The  third  term  in  the  equation  is  the  thermal  resistance  of 
the  buffer  layer  with  a  thickness  of  0.4  ym.  In  this  term  kx  is 
the  thermal  conductivity  of  either  Si  or  GaAs.  The  thermal  conduc¬ 
tivity  for  GaAs  is  expressed  as 

kGaAs  =  120/T  W/cm~°C  ’  (2-52) 

where  T  is  the  average  temperature  of  the  buffer  layer.  As  is 
explained  in  Reference  73,  Eq.  2.52  agrees  with  the  expression  given 
by  Olson83  and  also  with  the  experimental  conductivity  data  of 
Maycock.84  Also  pointed  out  in  the  same  reference,  the  thermal  con¬ 
ductivity  of  Si  in  the  interesting  temperature  range  is  approximately 
three  times  that  of  GaAs.  Therefore,  the  thermal  conductivity  of 
Si  is 

ks.  =  360/T  ,  (2.53) 

where  T,  the  average  buffer  layer  temperature,  is  assumed  to  be 
450°K  throughout  the  calculation. 

The  last  term  in  Eq.  2.51  is  the  thermal  resistance  of  the 
active  layer,  which  has  the  same  form  as  the  previous  term  but  is 
reduced  by  a  factor  of  0.4  for  taking  into  account  the  nonuniform  heat 


generation  in  the  diode,  t  is  taken  to  be  equal  to  the  p-layer 
thickness.  Restriction  in  diode  diameter  for  the  temperature  not 
to  exceed  500°K  can  be  found  by  the  following  inequality: 

D2  < 

R  (1  -  Eff  -  Eff  )V.  J.  r  =  202  .  (2.5*0 

th  l  3  dc  dc  4 

The  diode  diameter  is  also  restrained  by 


By  taking  the  equal  sign  for  these  two  equations  to  calculate  D 
and  choosing  the  minimum  one  from  the  calculated  diameter,  the 
maximum  achievable  third-harmonic  power  can  be  estimated. 

Based  on  the  data  shown  in  Figs.  2.29,  2.33,  2.37,  and  2.Ul, 
the  overall  maximum  third-harmonic  power  for  the  diodes  with  different 
heat  sinks  is  listed  in  Table  2.7-  For  a  single  mesa  on  a  copper  heat 
sink,  except  that  of  the  GaAs  Read  diode,  third-harmonic  power  is 
thermally  limited.  The  GaAs  uniform  diode  can  achieve  the  highest 
third-harmonic  power  of  0.403  W,  and  the  corresponding  efficiency 
is  also  the  highest.  For  a  single  mesa  on  a  diamond  heat  sink,  the 
third-harmonic  power  for  each  diode  is  electronically  limited.  The 
Si  uniform  diode  outperforms  other  diodes  in  terms  of  power.  It  can 
achieve  the  highest  third-harmonic  power  of  l.l6  W  but  the  GaAs 
uniform  diode  still  has  the  highest  efficiency.  For  a  ring  geometry 
on  a  copper  heat  sink,  only  the  Si  uniform  diode  is  thermally 
limited  in  power  but  it  can  deliver  the  highest  third-harmonic  power 
of  0.819  W.  The  GaAs  uniform  diode  can  achieve  a  third-harmonic 
power  of  0.708  W  with  an  efficiency  a  little  higher  than  that  of 
the  Si  uniform  diode.  For  a  ring  geometry  on  a  diamond  heat  sink, 
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all  the  diodes  have  the  same  performance  as  the  case  of  a  single 
mesa  on  a  diamond  heat  sink. 

Overall,  the  Si  uniform  diode  shows  higher  third-harmonic 
power  than  the  other  diodes,  except  for  the  case  of  a  single  mesa 
on  a  copper  heat  sink,  but  the  GaAs  uniform  diode  achieves  higher 
third-harmonic  efficiency. 

When  the  same  procedure  for  calculation  of  the  third-harmonic 
power  is  used,  the  second-harmonic  power  for  the  Si  uniform  diode  can 
be  estimated.  Table  2.8  presents  the  results  for  the  maximum  second- 
harmonic  power  and  the  power  at  the  maximum  second-harmonic  efficiency 
point  for  each  V  .  It  is  seen  in  the  table  that  the  maximum  second- 
harmonic  power  still  occurs  at  low  second-harmonic  voltages.  The 
maximum  second-harmonic  power  is  2.591  W  at  =  65.8  V  and  V2  =  5  V. 

Table  2.9  indicates  the  maximum  second-harmonic  power  for 
different  heat  sink  structures.  The  diode  can  achieve  higher  second- 
harmonic  power  in  a  diamond  heat  sink. 

2.3.5  Summary  and  Conclusions.  The  harmonic  power  generation 
properties  of  several  IMPATT  diodes  were  studied.  These  properties 
are  affected  by  avalanche  multiplication,  the  drift  process,  and 
depletion-layer  modulation.  From  single-frequency  operation,  avalanche 
multiplication  was  found  to  be  important  for  the  formation  of  the 
injected  current.  However,  for  all  the  diodes  Investigated,  the 
harmonic  current  before  depletion- layer  modulation  occurs  is  much 
smaller  than  the  fundamental  current,  even  though  the  injected  current 
waveform  becomes  sharper  at  higher  terminal  RF  voltages.  This 
suggests  that  the  drift  process,  required  to  delay  the  injected 
particles  fox  collection,  degrades  harmonic  current  generation  at 
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low  voltages.  In  other  words,  without  depletion-layer  modulation, 
diodes  may  not  be  good  for  harmonic  power  generation. 

At  high  RF  voltages,  depletion-layer  modulation  causes  a 
change  in  diode  performance.  The  effects  of  depletion-layer  modula¬ 
tion  depend  on  the  doping  profile  and  v-E  characteristics  of  carriers. 
Low  doping  concentration,  as  in  the  GaAs  Read  diode,  results  in  a 
rapid  increase  of  harmonic  current  with  voltage  level.  It  was  found 
that  both  Si  and  GaAs  uniform  diodes  in  single-frequency  operation  can 
produce  higher  harmonic  current  than  the  other  diodes.  However,  the 
phase  angle  of  harmonic  current  in  both  diodes  is  different  because 
of  the  different  v-E  characteristics  of  carriers  in  Si  and  GaAs. 

Operating  diodes  at  a  high  fundamental  voltage  is  necessary  for 
high  harmonic  power  generation.  An  appropriate  harmonic  voltage  can 
delay  the  onset  of  depletion- layer  modulation  and  keep  the  diode  in 
active  mode  operation.  It  is  found  for  third-harmonic  performance 
that  the  third-harmonic  voltage  will  cause  a  decrease  in  third- 
harmonic  current  and  an  increase  in  phase  delay  of  the  third-harmonic 
current.  This  makes  the  third-harmonic  efficiency  saturate  at  high 
third-harmonic  voltages  and  restrains  third-harmonic  power  generation 
of  diodes.  The  GaAs  uniform  diode  can  achieve  the  highest  third-harmoni 
efficiency  of  U.l  percent  because  this  diode  has  a  high  third-harmonic 
current  generation  and  small  phase  delay  in the  third-harmonic 
current.  With  considerations  of  circuit  match  and  thermal  effects, 
the  Si  uniform  diode  can  achieve  more  third-harmonic  power  than  the 
other  diodes,  since  this  Si  diode  has  a  longer  device  length. 

For  second-harmonic  performance,  the  Si  uniform  diode  can 
achieve  a  second-harmonic  efficiency  of  10.96  percent.  This  is 


because  a  high  second-harmonic  voltage  can  be  applied  to  the 
terminal  without  causing  the  terminal  voltage  to  vary  too  fast. 

For  thermal  and  circuit-matching  considerations  the  diode  can 
achieve  a  second-harmonic  power  of  2.591  W. 

In  conclusion,  better  harmonic  performance  can  be  achieved 
in  a  highly  doped  IMPATT  diode  because  of  moderate  depletion-layer 
modulation.  The  uniform  structure  becomes  the  best  structure  for 
harmonic  power  generation  because  high  doping  concentration  is  easily 
achieved.  It  is  expected  for  a  uniform  double-drift  IMPATT  diode  that 
harmonic  performance  can  be  improved  if  the  punch- through  factor  in 
the  n-side  is  appropriate.  It  is  unlikely  that  the  punch-through 
factor  in  the  p-side  will  be  kept  close  to  one  because  the  mobility 
of  holes  is  low,  compared  with  those  of  electrons.  Too  high  a  doping 
on  the  n-side  is  also  prohibitive  since  depletion-layer  modulation 
will  not  be  significant  enough  to  cause  the  induced  current  dip.  It 
is  better  to  keep  the  doping  concentrations  on  the  n-  and  p-sides  as 
close  as  possible  such  that  depletion-layer  modulation  can  occur  or. 
both  sides  at  nearly  the  same  time. 

As  far  as  depletion-layer  modulation  is  concerned,  space- 
charge  effects  may  not  degrade  harmonic  performance  as  much  as 
fundamental  performance.  It  is  expected  that  pulsed  mode  *ation 
can  yield  more  harmonic  power  with  reasonable  harmonic  effic  .ncy. 

2,h  pin  Diodes  as  Frequency  Multipliers 

2.U.1  Introduction.  Pin  diodes  operating  in  avalanche  break¬ 
down  are  studied  for  their  capabilities  in  frequency-multiplication 

In  this  study,  the  diodes  are  considered  in  the  rasrive 


applications . 
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mode  of  operation,  which  means  that  the  diode  is  driven  by  an 
external  fundamental  source  and  the  harmonic  power  is  extracted  from 
it.  This  type  of  operation  for  the  pin  diode  was  discussed  by 
Ntake  and  Conn.85  Their  theoretical  analysis  only  applied  the  method 
given  by  Burckhart?6  and  Scanlan^7  to  the  case  of  a  diode  overdriven  in 
the  reverse-avalanche  region  by  taking  into  account  an  avalanche 
inductance.  Their  theory  leads  to  inaccurate  prediction  of  the 
performance  under  a  large  reverse-overdriven  condition  because  of  the 
neglect  of  space-charge  and  transit-time  effects.  However,  their 
experimental  results  for  a  2-  to  6-GHz  frequency  multiplier  were 
encouraging  and  a  measured  conversion  efficiency  of  73  percent  was 
achieved. 

Under  avalanche  breakdown,  a  pin  diode  has  no  avalanche-free 
drift  region  and  avalanche  multiplication  occurs  throughout  the 
entire  space-charge  layer.  According  to  a  small-signal  analysis  in 

O  Q 

single-frequency  operation,  Misawa  pointed  out  that  the  cutoff 

frequency  of  the  diode  goes  to  dc  due  to  the  intrinsic  instability  of 
the  electron-hole  plasma  over  the  entire  space-charge  region.  Hence, 
the  negative  resistance  of  the  diode  is  extremely  broadband  and  peaks 
in  the  vicinity  of  the  avalanche  resonance  frequency.  Compared  at 
the  same  operating  conditions,  the  magnitude  of  negative  resistance 
of  the  diode  is  lower  than  that  of  a  Read  structure. 

It  is  the  purpose  of  this  section  to  investigate  the  large- 
signal  behavior  of  pin  diodes  in  single-  and  multifrequency  operation 
utilizing  a  full-scale  simulation.  For  simplicity,  only  the  funda¬ 
mental  and  third-harmonic  signals  are  considered.  Simulation  results 
for  the  diodes  at  different  dc  current  densities  are  compared  in 


terms  of  their  fundamental  and  third-harmonic  current  generation 
capabilities.  Moreover,  the  effects  of  the  terminal  voltage  on 
the  injected  and  induced  currents  are  discussed  to  determine  the 
optimum  conditions  for  achieving  high  third-harmonic  current. 

Practical  considerations,  such  as  circuit  matching  and  thermal 
effects ,  are  included  to  evaluate  the  third-harmonic  power  output 
and  the  conversion  efficiency.  Throughout  this  investigation,  no 
specific  attention  is  paid  to  depletion-layer  modulation  since  this 
modulation  no  longer  occurs  in  most  situations. 

2.U.2  Comparison  of  a  pin  Diode  with  a  Varactor  Diode  in 
Frequency  Multiplication.  Harmonic  power  generation  or  frequency  multi¬ 
plication  can  be  achieved  by  using  any  nonlinear  device  pumped  with  an 
external  fundamental  source.  The  most  often  used  device  for  this  pur¬ 
pose  is  a  varactor  diode  that  has  a  nonlinear  capacitance.  A  pin 
diode  is  considered  to  be  an  alternative  candidate  due  'to  its  non¬ 
linear  avalanche  multiplication.  Despite  the  different  nonlinear  mech- 
ansims  employed,  both  diodes  are  operated  at  different  bias  conditions. 
The  varactor  diode  is  usually  reverse  biased  with  a  dc  voltage  less 
than  the  breakdown  value ,  while  the  pin  diode  is  biased  at  breakdown 
with  a  dc  current  flowing  through  it. 

According  to  Manley-Rowe  relations,  a  lossless  varactor  diode 
can  achieve  100-percent • conversion  from  the  fundamental  to  a  harmonic 
frequency.  However,  with  a  series  resistance  which  is  inherent  to  a 
varactor,  the  conversion  efficiency  may  be  much  lower  because  of  the 
dissipation  of  useful  power.  On  the  other  hand,  in  a  practical 
varactor  diode,  the  conversion  efficiency  is  strongly  dependent  on 


the  ratio  of  device  reactance  to  device  resistanc  .  When  this  ratio 


is  kept  high,  the  conversion  efficiency  can  be  close  to  the  ideal 
value,  otherwise  the  efficiency  is  degraded.  For  example,  in  an 
abrupt- junction  varactor  diode,  Penfield88  indicated  that  a  tripler 
employing  this  diode,  with  an  input  frequency  around  0.04  (i>c  where 
ujc  is  the  cutoff  frequency,  may  achieve  a  conversion  efficiency  of 
approximately  30  percent.  In  addition,  several  factors,  such  as 
power  dissipation,  dc  breakdown  voltage  and  maximum  capacitance  swing, 
will  limit  the  maximum  harmonic  power  generation  from  the  diode. 

A  pin  diode  may  achieve  a  conversion  efficiency  higher  than 
100  percent  because  of  the  role  of  the  dc  power.  It  is  known  that 
the  Manley-Rowe  relations  are  only  valid  for  a  lossless  nonlinear 
reactance  element  without  dc  power  consumption.  These  relations  do 
not  apply  to  the  pin  diode,  in  which  RF  power  can  be  self -generated 
with  a  supply  of  dc  power.  Under  appropriate  conditions,  the  dc 
power  can  aid  the  conversion  from  input  power  to  output  power.  In 
comparison  with  a  varactor  diode,  the  pin  diode  has  the  following 
advantages : 

1.  There  is  no  series  resistance  in  the  pin  diode,  except  for 
the  contact  resistance,  to  degrade  the  conversion  efficiency. 

2.  The  maximum  swing  of  the  terminal  voltage  is  approximately 
equal  to  the  dc  voltage,  while  in  a  varactor  diode  the  maximum  ter¬ 
minal  voltage  swing  is  less  than  half,  the  dc  breakdown  voltage- 

3.  The  harmonic  power  can  be  enhanced  by  increasing  the  dc 
power  until  thermal  limitations  set  in. 

U.  Fabrication  for  the  pin  diode  is  much  easier  than  for  a 
varactor  diode.  However,  the  pin  diode  has  an  inherent  dc  instability 


due  to  its  negative  resistance  at  low  frequencies,  and  a  complicated 


bias  circuit  is  needed  to  suppress  this  instability. 

The  harmonic  power  generation  capability  of  the  pin  diode  is 
limited  by  several  factors:  (l)  The  harmonic  current  amplitude  is 
always  less  than  twice  the  dc  current  since  no  depletion-layer  modula¬ 
tion  can  occur  to  make  the  induced  current  become  negative.  (2)  The 
dependence  of  avalanche  build-up  time  and  transit  time  on  the  device 
length  affects  the  formation  of  the  injected  and  induced  currents. 

A  short  device  length  can  reduce  the  build-up  time  to  improve  the 
injected  and  induced  current  waveforms,  but  the  device  impedance  level 
is  decreased.  Hence,  a  trade  off  is  necessary  to  determine  the 
optimum  harmonic  power  output.  In  spite  of  these  limitations,  the  pin 
diode  offers  an  alternative  way  to  generate  harmonic  power. 

2.U.3  Design  Considerations  for  pin  Diodes.  Si  is  chosen  as 
the  semiconductor  material  needed  for  the  design  of  pin  diodes.  The 
choice  of  Si  rather  than  GaAs  is  based  on  its  physical  property .  Si 
has  highly  nonlinear  ionization  rates  that  show  signs  of  saturation 
at  a  field  higher  than  0.8  MV/cm  and  high  carrier  velocities  at 
T  =  500°K  as  compared  to  GaAs.  Hence,  the  Si  pin  diode  is  expected 
to  have  a  higher  third-harmonic  current  generation  since  it  can  have 
a  sharp  induced  current  waveform.  In  addition,  the  thermal  conduc¬ 
tivity  of  Si  is  three  times  higher  than  GaAs,  so  the  Si  pin  diode 
can  be  biased  with  a  high  dc  current  density  to  enhance  harmonic 
power  output. 

The  diode  structure  is  shown  in  Fig.  2.^7.  The  intrinsic 
region  width  is  1.2  ym  for  pin  diode  1,  0.6  ym  for  pin  diode  2,  and 
1.8  ym  for  pin  diode  3,  respectively.  The  width  of  pin  diode  3  is 


approximately  the  same  as  that  of  a  single-drift  Read  IMPATT  diode 
operating  optimally  at  23  GHz  with  a  transit  angle  of  O.T^tt  and  wixn 
an  avalanche  region  width  of  0.2  pm.  The  intrinsic  region  of  each  pin 
diode  is  lightly  doped  with  =  5  x  1014  cm3.  Throughout  the 
simulation  the  device  temperature  is  500°K  and  the  material  parameters 
are  the  same  as  those  in  Table  2.1 

2.U.1  Brief  Description  of  Small-Signal  Analysis  for  pin  Diodes 
A  small-signal  analysis  is  carried  out  in  orde"  to  understand  the 
properties  of  a  pin  diode  under  avalanche-breakdown  conditions  and, 
more  specifically,  the  property  of  a  pure  avalanche  region.  The  incre¬ 
mental  negative  resistance  of  a  pin  diode  under  small-signal  conditions 
can  be  predicted  only  by  Misawa's  approach  rather  than  by  the  standard 
Read- type  approach.  The  major  difference  between  these  two  approaches 
lies  in  the  way  of  dealing  with  the  conduction  current  in  tne  avalanche 
region.  The  Read-type  approach  makes  an  assumption  of  constant  con¬ 
duction  current,  i.e.,  independent  of  position.  Using  this  assumption 
and  writing  Maxwell's  equation  for  the  magnetic  field  as 

VxH  =  J  +  e~  (2.56) 

C  O  v 

and  applying  the  identity 

V  •  V  x  H  =  0  (2.57) 

yields  the  following  for  the  one-dimensional  case: 

ft  n  UE>  =  0  •  (2-'8) 

Interchanging  the  order  of  differentiation  in  the  preceding  equation 
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aT  lx  =  at  ^NgU)  +  P^x>t^  “  •  (2.59) 

Equation  2.59  indicates  that  the  assumpti on  of  constant  conduction 
current  in  the  avalanche  region  implies  that  the  shape  of  the  electric 
field  in  the  avalanche  region  is  independent  of  time.  Thus,  a  physical 
interpretation  of  this  is  that  the  time  dependence  field  produced  by 
space  charge  within  the  avalanche  region  is  neglected.  Strictly 
speaking,  this  assumption  is  not  quite  right,  and  will  lead  to  an 
error  of  20  percent  in  the  avalanche  resonance  frequency.90  Further¬ 
more,  the  avalanche  region  can  be  modeled  only  by  a  capacitance  in 
parallel  with  an  inductance  from  the  Read  approach.  When  the  space- 
charge  effect  is  taken  into  account,  Misawa's  approach  leads  to  a 
negative  resistance  in  the  avalanche  region.  While  equal  ionization 
rates  and  drift  velocities  are  assumed  for  electrons  and  holes, 
Poisson's  equation  and  the  continuity  equation  for  the  small  ac  parts 
can  be  expressed  as  follows: 
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dx 


(2.60) 
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where  a  is  the  ionization  rate  at  the  dc  field  and  the 


o 

the  small  ac  signal.  The  requirement  that  the  total  ac 
independent  of  position  leads  to 


(2.62) 

tilda  indicates 
current  be 


const 


(2.63) 


J  =  J  +  J  +  juioE  = 
t  n  p 

With  this  requirement,  the  impedance  of  a  pin  diode  can  be  derived. 

No  matter  what  the  diode  dimension  is,  the  diode  exhibits  a  negative- 
resistance  property  for  all  the  frequencies. 

2.U.5  Performance  of  pin  Diodes  in  Single-Frequency  Operation. 
This  section  focuses  on  the  large-signal  performance  of  pin  diodes  in 
single-frequency  operation.  To  achieve  this,  computer  simulations 
were  carried  out  for  the  diodes  with  three  different  dc  current 
densities,  namely,  3.6  kA/cm2 ,  7.5  kA/cm2  and  15  kA/cm2.  Device  per¬ 
formance  is  compared  in  terms  of  space-charge  and  transit-time  effects 

In  conventional  IMPATT  diodes,  space-charge  effects  can  turn 
off  avalanche  multiplication  prematurely  and  reduce  the  90-degree 
phase  delay  provided  by  avalanche  multiplication.  As  a  result,  the 
power  generated  at  the  optimum  transit-time  frequency  is  degraded.  Foj 
most  analytical  methods  that  have  been  employed  to  study  conventional 
IMPATT  diodes,  the  effects  of  space  charge  in  the  drift  region  have 
been  taken  into  account,  but  space-charge  effects  in  the  avalanche 
region  have  been  neglected  because  of  the  assumption  of  a  short 
avalanche  region  length.  However,  in  pin  diodes,  the  device  length 
is  long  enough  such  that  space-charge  effects  are  not  negligible. 

As  discussed  previously  in  the  small-signal  analysis,  space-charge 
effects  are  responsible  for  negative  resistance  in  pin  diodes.  For 
large-signal  operation,  space-charge  and  transit-time  effects  combine 
to  change  the  electric  field  distribution;  this  will  cause 
modulation  of  drift  velocities  of  charge  carriers,  affect  avalanche 


multiplication,  and  give  rise  to  a  difference  in  performance  under 


various  conditions. 

In  the  following  discussions  the  injected  and  induced  currents 
are  treated  separately  because  they  are  not  simply  related  to  one 
another.  Strictly  speaking,  the  injected  current,  according  to  Sq. 
2.28  is  a  measure  of  instantaneous  charge  generated  in  the  avalanche 
region.  The  generated  charge  is  not  immediately  collected  at  the 
contacts  of  the  pin  diode  due  to  finite  transit  time.  The  injected 
current  can  be  considered  to  be  the  same  as  the  induced  current  pro¬ 
vided  that  the  transit  time  is  very  small  and  the  constant  conduction 
current  can  be  maintained.  However,  as  pointed  out  in  the  small- 
signal  analysis,  the  assumption  of  constant  induction  current  is  no 
longer  valid  in  pin  diodes  and  the  injected  and  induced  currents  are 
not  linearly  related. 

2.4. 3a  Performance  of  pin  Diode  1.  To  investigate  the 
effects  of  space  charge  on  the  performance  of  pin  diode  1,  large- 
signal  solutions  at  V  =  32  V  for  three  different  dc  current  densi¬ 
ties  are  shown  in  Fig.  2.48.  A  brief  summary  of  certain  charac¬ 
teristics  of  the  injected  current  is  presented  in  Table  2.10  where 

9  is  the  position  of  the  injected  current  peak  and  0  is  the  hal. 
p  0) 

width  of  the  urrent.  It  can  be  seen  from  the  table  that  increasing 
dc  current  causes  the  injected  current  shift  to  the  left  and  makes 
the  current  widen  slightly.  As  a  result,  the  peak  value  of  the 
current  is  not  linearly  proportional  to  the  dc  current  density. 

When  the  dc  current  density  increases,  more  charge  is  generated 
in  the  depletion  region.  The  space-charge  effect  is  enhanced  in 
such  a  manner  as  to  turn  off  avalanche  multiplication  earlier  and 
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LARGE-SIGNAL  SOLUTIONS  OF  pin  DIODE  1  AT  V  =  32  V  FOR  THREE  DIFFERENT  dc  CURRE 


this  results  in  the  change  in  the  injected  current.  Details  on 
the  space-charge  effect  on  avalanche  multiplication  is  discussed 
later. 

Table  2.10 

Summary  of  Characteristics  of  the  Injected  Current 
of  pin  Diode  1  at  =  32  V 


Jdc 

(kA/cm2 ) 

J.  . 

mjm 
(kA/ cm2 ) 

6P 

(Degrees ) 

e 

CO 

(Degrees ) 

3.6 

28.1 

117.6 

13.2 

7.5 

58.3 

111 

15 

15 

110 

llo.l 

16.8 

The  induced  current  is  also  subject  to  some  changes  due  to  the 
increase  of  dc  current  density.  As  seen  from  Fig.  2.16,  the  induced 
current  is  not  symmetric  about  its  peak  position.  The  current  rises 
rapidly,  but  after  reaching  its  peak,  it  does  r.ot  drop  off  as  fast.  A 
brief  summary  about  the  induced  current  waveform  shown  in  Fig.  2.18  is 
given  in  Table  2.11  where  0T  is  distance  between  the  peak  position  and 
the  half-amplitude  point  in  the  rising  edge  of  the  induced  current  and 

eR  *  9  -  eT. 

n  cj 

The  induced  current  peak  apparently  shifts  to  the  left  with 
increasing  dc  current  density  as  a  consequence  of  the  shift  of  the 
injected  current.  More  precisely,  the  space-charge  effect  is  respon¬ 
sible  for  the  shift  in  the  induced  current.  The  slow  fall  off  in  the 
induced  current  implies  that  the  transit-time  effect  also  plays  a 
dominant  role  in  the  induced  current  waveform.  Although  most  charge 
carriers  generated  can  be  extracted  within  a  typical  transit  time 


Table  2.11 


Summary  of  Characteristics  of  the  Induced  Current 


of 

pin  Diode  1 

at  V  =  32  V 

Jdc 

(kA/ cm2 ) 

^indm 
(kA/cm2 ) 

8P 

(Degrees ) 

0L 

(Degrees ) 

0R 

(Degrees ) 

9 

(0 

(Degrees 

3.6 

16.2 

172.8 

30.6 

43.2 

73.8 

7.5 

33.2 

169.2 

30.6 

45 

75.6 

15 

64.1+ 

165.6 

30.6 

46.8 

77.4 

(i.e.,  device  length/saturated  velocity),  some  of  the  carriers  remain 

in  the  depletion  region  when  the  terminal  RF  voltage  reaches  its 

minimum  (cot  =  270  degrees).  At  this  moment,  the  electric  field  is  so 

low  that  the  carriers  drift  at  very  low  velocities,  since  the  drift 

velocities  of  electrons  and  holes  are  monotonically  increasing  functions 

of  electric  field.  The  induced  current  at  this  moment  is  relatively 

higher  for  higher  dc  current  densities.  For  instance,  the  induced 

current  is  4.52  kA/cm2  for  J,  =  15  kA/cm2,  2.2  kA/cm2  for  J,  = 

dc  dc 

7-5  kA/cm2,  and  1.01  kA/cm2  for  J^c  =  3.6  kA/cm2,  respectively.  This 
means  that  there  are  relatively  more  carriers  that  remain  in  the 
depletion  region  at  cot  =  270  degrees.  In  other  words,  the  velocity 
modulation  induced  by  the  space-charge  effect  has  an  influence  on 
charge  extraction. 

The  suace-charge  effect  is  investigated  for  the  case  of  J  = 

dc 

7.5  kA/cm2  and  V  =  32  V.  Figure  2 . U9  displays  the  diode  states  at 
three  different  instants  in  the  RF  cycle.  At  cot  =  l44  degrees,  the 
terminal  voltage  is  18  V  above  the  dc  value.  From  Fig.  2.1+9,  it  is 
seen  that  the  generated  charge  carriers  become  significant  and  most 


144.00  DECREES  PHASE  =  180.00  DEGREES  PHASE  -  270.00  DEGREES 


2.49  STATE  OF  pin  DIODE  1  AT  THREE  DIFFERENT  INSTANTS  FOR  J ,  =  7.5  kA/cm2  AND 


of  the  charge  carriers  remain  in  the  depletion  region.  Due  to  the 
different  characteristics  of  electrons  and  holes,  the  electron  and 
hole  distributions  are  not  similar  throughout  the  entire  depletion 
region.  The  hole  density  rises  quickly  from  the  right  edge  of  the 
depletion  region,  but  the  electron  density  does  not  rise  rapidly  from 
the  left  edge.  There  is  a  net  excess  of  holes  on  the  left  side  of 
the  region,  and  the  positive  charge  in  itself  causes  a  decrease  in  the 
electric  field.  Similarly,  there  is  a  net  excess  of  electrons  in  the 
right  side  of  the  region  and  this  leads  to  an  increase  in  the  magnitude 
of  the  electric  field.  As  a  consequence,  the  field  is  low  in  the 
central  portion  of  the  region.  Because  of  asymmetry  between  the 
electron  and  hole  distributions  the  electric  field  reaches  its 
minimum  closer  to  the  right  edge  and  is  higher  at  the  left  edge  than 
the  right  edge.  The  lowering  of  the  field  in  the  central  portion,  in 
turn,  reduces  avalanche  multiplication.  However,  the  lowering  at  this 
moment  is  not  so  significant  as  to  eliminate  avalanche  multiplication. 

At  rnt  =  l80  degrees,  the  electron  and  hole  densities,  shown  in 
Fig.  2.49'b,  increase  little  compared  with  those  at  rnt  =  144  degrees. 
This  indicates  that  avalanche  multiplication  is  suppressed  during  the 
interval  between  wt  =  lU4  and  180  degrees.  It  can  be  seen  that  the 
electron  and  hole  carriers  have  moved  to  the  right  and  left,  respec¬ 
tively.  This  movement  enhances  the  net  excess  of  holes  in  the  left 
side  of  the  region  and  that  of  electrons  in  the  right  side  of  the 
region.  Therefore,  the  electric  field  is  brought  down  further  so 
that  the  carriers  in  the  central  portion,  particularly  holes,  move 
more  slowly  than  those  near  the  edges.  This  delays  the  extraction 
of  the  carriers  in  the  central  portion,  and  the  lowering  of  the 
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electric  field  will  reduce  greatly  the  avalanche  multiplication  in 
this  portion. 

After  cjt  =  l80  degrees ,  carriers  continue  to  move  cut  of  the 
depletion  region  for  collection.  The  decrease  in  charge  density  due 
to  collection  tends  to  flatten  the  electric  field  distribution.  How¬ 
ever,  the  average  electric  field  in  the  region  is  low  due  to  the  drop 
of  the  terminal  voltage  after  that  moment.  At  cot  =  270  degrees,  as 
shown  in  Fig.  2.h9c,  most  carriers  have  been  collected  but  some 
remain  in  the  region.  The  number  of  carriers  that  remain  depends  on 
the  velocity  modulation  that  carriers  in  the  central  portion  exper¬ 
ience  during  the  interval  between  wt  =  180  and  270  degrees.  It  is 

obvious  that  for  high  J,  the  lowering  of  electric  field  in  the  cen- 

dc 

tral  portion  during  this  interval  is  significant  and  enhances 
velocity  modulation.  Consequently,  more  carriers  will  remain  in  the 
depletion  region  at  wt  =  270  degrees  at  higher  dc  current  densities, 
and  this  results  in  a  relatively  higher  induced  current  at  this 
moment . 

The  space-charge  effects  are  important  for  device  performance. 
Table  2.12  presents  the  large-signal  results  for  pin  diode  1.  The 
properties  of  the  first  three  Fourier  components  of  the  induced 
current  are  illustrated  in  Fig.  2.50.  From  the  figure,  it  is  seen 
that  as  the  normalized  RF  voltage  increases  from  zero,  the  normalized 
fundamental  current  rises  quickly  due  to  the  nonlinearity  of  ioniza¬ 
tion  rates  and  tends  to  saturate  at  higher  normalized  RF  voltages. 

This  saturation  phenomenon  is  partly  related  to  the  back-bias  effect, 
which  will  prevent  further  increase  in  the  maximum  instantaneous 
electric  field.  The  normalized  fundamental  current  decreases  slightly 
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at  high  dc  current  densities.  This  decrease  is  the  consequence  of 
space-charge  effects,  as  discussed  previously,  which  will  cause  more 
delay  in  the  extraction  of  carriers  and  widen  the  induced  current 
waveform  at  high  dc  current  densities.  Despite  this  fact,  the 
normalized  fundamental  current  can  still  become  as  high  as  1.6. 

The  normalized  harmonic  current,  also  shown  in  Fig.  2.50, 
does  not  rise  as  rapidly  as  the  normalized  fundamental  current  since 
the  induced  current  is  not  as  sharp.  It  can  he  seen  that  the  space- 
charge  effect  also  causes  a  decrease  in  the  normalized  harmonic  current 
at  high  dc  current  densities.  The  normalized  second -harmonic  current 
can  reach  a  maximum  value  of  approximately  1.0  and  the  normalized 
third-harmonic  current  can  reach  a  maximum  value  of  approximately 
0.U5.  Both  values  are  smaller  than  those  achieved  in  the  conventional 
IMPATT  diodes  investigated  before.  It  appears  that  in  terms  of  har¬ 
monic  current  generation,  pin  diode  1  is  inferior  in  harmonic  power 
generation  to  the  conventional  IMPATT  diode.  However,  the  harmonic 
current  in  pin  diode  1  is  less  dependent  on  the  driving  RF  voltage 
than  that  in  the  conventional  IMPATT  diodes.  This  behavior  permits 
a  high  harmonic  voltage  to  be  applied  to  the  diode  together  with  a 
fundamental  voltage  without  degrading  harmonic  current  too  much. 

Hence,  high  harmonic  power  generation  can  still  be  achieved  in  pin 
diode  1.  In  addition,  this  diode  has  a  low  thermal  resistance  per 
unit  area  due  to  short  device  length  so  the  diode  can  be  operated 
at  high  dc  current  density. 

The  phase  angle  or  phase  delay  of  the  Fourier  components  of 
the  ir.Iuced  current  is  another  factor  for  understanding  device  per¬ 
formance  and  this  angle  provides  important  information  for  determining 


the  required  harmonic  voltage  to  achieve  the  optimum  harmonic  power 
generation.  From  Table  2.12  it  is  seen  that  the  phase  angles  of  the 
fundamental  and  third-harmonic  currents  are  decreasing  as  a  functir 
of  terminal  voltage  and  in  contrast,  that  of  the  second-harmonic 
current  is  an  increasing  function  of  terminal  voltage.  As  pointed 
out  before ,  the  phase  angles  of  the  harmonically  related  currents  are 
measured  with  reference  to  the  fundamental  voltage.  If  these  are 
plotted  in  a  phasor  plane,  it  would  be  found  that  these  current  phasors 
rotate  counterclockwise  in  the  plane  as  the  RF  voltage  increases. 
Obviously  increasing  the  RF  voltage  will  increase  charge  densities 
which,  in  turn,  enhance  the  space-charge  effect  and  turn  off  avalanche 
multiplication  in  such  a  way  that  the  induced  current  shifts  to  the 
left.  As  a  result,  the  phase  delays  of  the  currents  relative  to  the 
RF  voltage  are  reduced.  In  other  words,  the  current  phasors  rotate 
counterclockwise  in  the  phasor  plane.  It  is  interesting  to  note  that 
the  phase  delay  of  the  fundamental  current  is  close  to  90  degrees. 

This  property  implies  that  the  negative  fundamental  device  resistance 
is  very  small  except  at  high  dc  current  densities. 

The  dc  current  density  influences  the  phase  angle  in  a  very 
complicated  manner.  At  a  given  RF  voltage,  increasing  the  dc  current 
density  will  shift  the  induced  current  to  the  left  and  also  increase 
the  induced  current  width.  This  produces  counter  effects  on  the  phase 
angle.  The  shift  of  the  induced  current  has  a  dominant  effect  on  the 
phase  angle  of  the  third-harmonic  current  since  this  angle  increases 
with  dc  current  density.  However,  variation  of  the  phase  angles  of 
the  fundamental  and  second-harmonic  currents  with  dc  current  density 
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is  dependent  on  RF  voltage.  It  is  observed  that  the  phase  angle 
varies  rapidly  with  RF  voltage  at  high  dc  current  densities. 

The  fundamental  efficiency  is  determined  from  the  behavior 
of  the  fundamental  current  and  its  phase  angle.  Figure  2.51  plots 
the  fundamental  efficiency  as  a  function  of  normalized  RF  voltage. 

It  can  be  observed  from  the  figure  that  the  fundamental  efficiency 
is  higher  for  lower  dc  current  densities  and  saturates  at  high  RF 
voltages.  This  saturation  in  the  efficiency  is  related  to  the  de¬ 
crease  of  phase  delay  of  the  fundamental  current  at  high  RF  voltages. 

The  dc  voltage  decreases  with  increasing  RF  voltage  and  this 
decreasing  rate  in  dc  voltage  is  higher  at  higher  RF  voltages.  Except 
for  the  nonlinear  ionization  rates,  the  space-charge  effect  is  another 
factor  responsible  for  this  behavior.  The  space-charge  effect  causes 
the  electric  field  to  swing  nonuniformly  in  the  depletion  region.  At 
higher  RF  voltages,  the  electric  field  in  the  central  portion  of  the 
region  has  a  more  negative  swing  than  a  positive  one.  Therefore,  the 
dc  voltage  must  decrease  more  in  order  to  balance  the  number  of 
carriers  generated  and  removed. 

2,U.5b  Performance  of  pin  Diode  2.  Pin  diode  2  has  a 
shorter  device  length  than  pin  diode  1.  The  short  device  length  of 
diode  2  implies  a  short  transit  time,  which  will  result  in  a  rapid 
collection  of  carriers  generated  in  the  depletion  region,  and  a 
reduction  in  the  space-charge  effect.  It  is  known  that  lowering  the 
electric  field  in  the  central  portion  of  the  region  is  proportional 
to  the  amount  of  charge  that  remains  in  the  region  as  well  as  the 
device  length.  Therefore,  the  lowering  of  the  electric  field  in  the 
central  portion  of  pin  diode  2  is  not  as  great  as  that  in  pin 


diode  1.  As  a  result,  the  space-charge  effect  has  less  influence 
on  the  performance  of  pin  diode  2.  This  can  be  understood  from  Fig. 
2.52,  which  shows  the  injected  and  induced  current  waveforms  of  this 
diode  at  V  =  18  V.  Some  major  characteristics  of  the  injected 
current  are  summarized  in  Table  2.13.  From  the  data  shown  in  the 
table,  the  injected  current  peak  position  and  width  remain  unchanged 
when  varying  the  dc  current  density,  except  that  its  peak  magnitude 
is  slightly  lower.  By  comparing  this  with  that  of  pin  diode  1,  it 
is  seen  that  the  injected  current  of  pin  diode  2  is  sharper  and 
peaks  later.  Thus,  the  dc  current  density  does  not  play  a  great  role 
in  influencing  avalanche  multiplication.  It  is  concluded  that  the 
space-charge  effect  is  not  as  significant  as  that  in  pin  diode  1. 

Table  2.13 

Summary  of  Characteristics  of  the  Injected  Current 
of  pin  Diode  2  at  =  18  V 


J. 

dc 

(kA/cm2 ) 

J.  . 
xnjm 

(kA/cm2 ) 

e 

p 

(Degrees ) 

0 

u) 

(Degrees ) 

3.6 

31.6 

151.2 

39.6 

7.5 

6U.U 

151.2 

39.6 

15 

12k 

151.2 

39.6 

The  induced  current  at  V  =  18  V  has  the  characteristics 
given  in  Table  2.l4.  By  comparing  these  data  with  those  of  pin  dioc  - 
1,  it  is  seen  that  the  induced  current  of  pin  diode  2  has  a  much  sharper 
and  nearly  symmetric  waveform.  The  current  peaks  at  the  same  instant 
and  increases  slightly  in  the  width  while  increasing  dc  current 


density.  In  addition,  the  current  drops  almost  to  zero  before  the 


LARGE-SIGNAL  SOLUTIONS  OF  pin  DIODE  2  AT  V  =  18  V  FOR  THREE  DIFFERENT  dc  CURRENT  DENSITIES 


RF  voltage  reaches  its  minimum.  This  implies  that  velocity- 
modulation  has  a  small  effect  on  the  current  since  most  carriers 
generated  are  collected  before  the  electric  field  becomes  low. 
Therefore,  increasing  dc  current  density  will  not  introduce  a  serious 
space-charge  effect  in  this  diode. 

Table  2. lb 

Summary  of  Characteristics  of  the  Induced  Current 


of 

pin  Diode  2 

at  V  =  18  V 

1 

Jdc 

(kA/cm2 ) 

^indm 
(kA/cm2 ) 

e 

P 

(Degrees ) 

6l 

(Degrees ) 

0R 

(Degrees ) 

e 

0) 

(Degrees 

3.6 

23.2 

169.2 

25.2 

27 

52.2 

7.5 

47.1 

169.2 

25.2 

28.8 

54 

15 

90.6 

169.2 

25.5 

28.8 

54 

The  large-signal  results  for  pin  diode  2  at  various  operating 
conditions  are  listed  in  Table  2.15.  The  normalized  fundamental 
and  harmonic  currents  are  plotted  in  Fig.  2.53.  Due  to  the  sharp 
induced  current  waveform  in  this  dicde,  the  normalized  fundamental, 
second-  and  third-harmonic  currents  can  reach  as  high  as  1.8,  1.4, 
and  1.0,  respectively.  It  is  interesting  to  note  that  the  normalized 
third-harmonic  current  is  more  than  twice  that  achieved  in  pin  diode 
1.  Therefore,  reduction  in  the  device  length  of  a  pin  diode  can 
significantly  improve  the  device  nonlinearity.  As  discussed  previously 
the  space-charge  effect  will  not  be  enhanced  with  increasing  dc 
current  density.  Therefore,  the  normalized  fundamental  current  only 
decreases  slightly  at  high  dc  current  densities.  Instead,  the  nor¬ 


malized  harmonic  current  drops  much  more,  and  this  evidence  indicates 


Table  2.15 


FIG.  2.53  NORMALIZED  FUNDAMENTAL,  SECOND-  AND  THIRD-HARMONIC 
CURRENTS  FOR  pin  DIODE  2  IN  SINGLE- FREQUENCY 


OPERATION. 


that  the  space-charge  effect  induced  by  increasing  dc  current  density 
still  yields  a  certain  influence  on  the  harmonic  current. 

The  behavior  of  the  phase  delay  in  this  diode  is  different  from 
that  in  pin  diode  1  in  several  aspects.  One  is  that  the  phase  delay 
of  the  fundamental  current  is  always  less  than  that  in  diode  1,  and 
the  other  is  that  the  phase  delay  of  each  Fourier  component  increases 
at  high  dc  current  densities.  Although  the  dc  current  has  no  signifi¬ 
cant  effect  on  the  avalanche  multiplication,  it  still  introduces  great 
velocity  modulation  that  delays  the  extraction  of  carriers.  As  a 
result,  the  induced  current  drops  more  slowly  at  high  dc  current  den¬ 
sities  and  becomes  more  asymmetric  in  shape.  According  to  Fourier 
analysis,  the  imaginary  part  of  the  fundamental  current  and  the  third- 
harmonic  currents  increases  and  that  of  the  second-harmonic  current 
decreases . 

The  fundamental  efficiency  is  influenced  by  the  behavior  of 
the  fundamental  current  phase  delay  in  such  a  way  that  it  becomes 
high  at  high  dc  current  densities.  Even  so,  the  maximum  efficiency 
achieved  at  J^c  =  15  kA/cm2  is  only  1.75  percent,  which  is  much  less 
than  tha  achieved  in  diode  1.  Due  to  the  sharpness  of  the  induced 
current  of  diode  2,  the  phase  delay  of  the  fundamental  current  at  low 
RF  voltages  is  only  a  little  greater  than  90  degrees.  As  the  RF 
voltage  increases  in  magnitude,  space  charge  is  enhanced  in  a  manner 
that  the  phase  delay  is  reduced  and  is  less  than  90  degrees.  As  a 
consequence,  the  efficiency  becomes  negative  at  a  relatively  low  RF 
voltage.  This  property  is  important  for  converting  the  fundamental 
power  to  the  third  harmonic  in  passive  mode  operation. 


2 .4.5c  Performance  of  oin  Diode  3.  Pin  diode  3  has  a 


longer  depletion  region  that  can  increase  avalanche  build-up  time, 
delay  the  extraction  of  carriers  generated  in  the  depletion  region, 
and  enhance  space-charge  effects.  In  order  to  understand  these  effects 
on  the  injected  and  induced  currents,  the  current  waveforms  at  V  = 

>40  V,  which  are  shown  in  Fig.  2.54,  are  examined. 

The  injected  current  waveform  becomes  wider  than  those  of  the 
previous  two  diodes.  Table  2. 16  presents  some  information  about  the 
injected  current  shown  in  Fig.  2.54  for  comparison. 


Table  2.16 

Summary  of  the  Characteristics  of  the  Injected  Current 
Waveform  of  pin  Diode  3  at  =  40  V 


Jdc 
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mjm 
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0J 
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3.6 

24.9 
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140.4 

50.4 

15 

88.3 

136.8 
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In  comparison  with  those  of  the  other  two  diodes,  the  injected 
current  in  this  diode  is  wider  and  has  a  small  phase  delay  relative 
to  the  RF  voltage  (peaks  close  to  90  degrees)  and  has  a  low  peak 
amplitude.  Avalanche  multiplication  is  not  only  seriously  degraded 
but  also  prematurely  turns  off  in  this  diode.  The  primary  reason  for 
this  is  due  to  the  long  device  length,  which  results  in  significant 
lowering  c f  the  electric  field  in  the  depletion  region.  At  high  dc 
current  densities,  the  lowering  becomes  more  significant  in  reducing 
avalanche  multinlication  and  the  consequence  is  a  reduction  in  the 
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phase  delay  of  the  injected  current  and  an  increase  in  the  width  of 


the  current.  The  induced  current  has  the  characteristics  given  in 
Table  2.17. 


Table  2.17 

Summary  of  the  Characteristics  of  the  Induced  Current 

Waveform  of  pin  Diode  3  at  V  =  40  V 

J.  J.  ,  0  0T  0_  0 

dc  mdm  p  L  R  oj 


(kA/cm2 ) 

(kA/cm2 ) 

(Degrees ) 

(Degrees ) 

(Degrees ) 

(Degrees ) 

3.6 

12.3 

175-5 

36 

64.8 

7.5 

24.8 

170.9 

36 

64.8 

15 

46.2 

166.4 

36 

61.2 

97.2 

From  the  data  presented  in  Table  2.17  it  is  seen  that  the 

induced  current  is  much  wider  than  that  of  the  other  two  diodes 

shown  in  Figs.  2.48  and  2.52  and  its  peak  amplitude  is  also  lower. 

It  can  be  seen  also  from  the  table  that  the  dc  current  density  has 

a  significant  effect  on  the  induced  current  as  well  as  the  injected- 

current.  The  reason  for  causing  the  induced  current  to  become  wide 

is  not  only  due  to  the  injected  current  but  also  due  to  the  long 

transit  time.  At  =  15  kA/cm2,  the  induced  current  seems  to  drop 

dc 

more  rapidly  than  at  low  dc  current  densities.  It  is  believed  that 
the  velocity  modulation  at  J  =  15  kA/cm2  is  large  enough  to  bring 
down  the  induced  current.  With  this  effect,  the  induced  current  is 
relatively  higher  at  the  RF  voltage  minimum  and  more  carriers  remain 
in  the  depletion-layer  region.  Hence,  the  induced  current  still 


flows  at  the  beginning  of  the  next  RF  cycle. 


In  order  to  examine  the  degradation  in  device  nonlinearity  due 
to  the  long  device  length,  some  large-signal  results  for  this  diode 
are  listed  in  Table  2.18  and  the  normalized  Fourier  components  of 
the  induced  current  are  plotted  in  Fig.  2.55.  The  normalized  funda¬ 
mental  current  rises  slowly  with  increasing  RF  voltage  and  reaches  a 
maximum  in  the  range  of  1.3,  which  is  not  much  lower  than  that 
achieved  in  the  other  two  diodes.  Also  the  normalized  funuamental 
current  shows  a  strong  dependence  on  dc  current  density.  The  normal¬ 
ized  second-harmonic  current,  which  also  rises  with  RF  voltage,  can 
only  achieve  a  maximum  value  of  approximately  0.65.  In  addition, 
the  normalized  third-harmonic  current  reaches  a  maximum  value  of 
approximately  0.2 6  and  shows  a  stronger  dc  current  dependence  than 
that  in  pin  diode  1.  It  is  concluded  that  the  device  nonlinearity  is 
degraded  by  the  long  device  length. 

The  phase  angle  provides  additional  information  on  the  effect 
of  long  device  length.  From  Table  2.l6  it  is  seen  that,  except  at 
low  RF  voltages,  the  phase  delay  of  the  fundamental  current  is 
relatively  higher  than  in  the  other  two  diodes  and  is  always  in 
excess  of  90  degrees.  It  is  understandable  that  the  slow  fall  off 
in  the  induced  current  due  to  long  device  length  is  the  primary 
reason  for  this. 

The  fundamental  efficiency  is  always  positive  and  larger  than 
that  achieved  in  the  other  two  diodes.  In  the  voltage  range  of 
interest,  the  efficiency  after  reaching  its  maximum  drops  very 
rapidly  with  increasing  RF  voltage.  It  is  also  seen  from  the 
table  that  the  corresponding  dc  voltage  decreases  in  a  similar  way. 

At  such  ’  \gh  RF  voltages  the  space-charge  effect  is  very  significant. 


T 
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FIG.  2.55  NORMALIZED  FUNDAMENTAL,  SECOND-  AND  THIRD-HARMONIC 
CURRENTS  OF  pin  DIODE  3  IN  SINGLE-FREQUENCY 


OPERATION. 


The  electric  field  in  the  central  portion  is  also  greatly  reduced 
during  the  interval  between  ojt  =  180  to  270  degrees.  Consequently, 
the  device  performance  is  changed  significantly  by  not  only  velocity 


modulation  but  also  the  back-bias  effect. 

2.h.5&  Summary.  Space-charge  and  transit-time  effects, 
depending  on  device  length,  play  essential  roles  in  the  device  proper¬ 
ties  of  pin  diodes.  Both  effects  are  mutually  related.  For  diodes 
having  long  device  length,  they  may  degrade  the  device  nonlinearity 
but  enhance  the  fundamental  current  phase  delay.  As  a  result,  the 
fundamental  efficiency  of  such  diodes  is  high.  For  a  diode  having 
short  device  length,  they  will  enhance  device  nonlinearity  and  cause 
the  fundamental  efficiency  to  become  negative  at  relatively  low  RF 
voltages.  This  property  guarantees  that  in  such  a  short  length 
diode,  the  passive  mode  of  operation  is  easily  achieved.  Since  the 
phase  delay  of  the  fundamental  current  of  each  pin  diode  investigated 
in  close  to  90  degrees,  the  magnitude  of  the  device  fundamental 
resistance  is  much  less  than  that  of  the  reactance.  Increasing  the 
dc  current  density  can  improve  the  device  resistance  level,  but  will 
introduce  additional  space-charge  effects. 

2.U.6  Multifrequency  Operation  of  pin  Diodes.  In  this  section 
third-harmonic  power  generation  in  pin  diodes  in  the  passive  mode  of 
operation  is  considered.  In  order  to  operate  diodes  in  this  mode 
efficiently  for  frequency  multiplication,  the  terminal  voltage  in 
the  presence  of  a  third-harmonic  voltage  must  be  optimized  such  that 
the  diode  can  achieve  high  conversion  efficiency  (from  fundamental 
power  to  third-harmonic  power  output)  and  also  high  device  resis¬ 
tance  levels  for  matching  considerations  (positive  for  the  fundamental 
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resistance  and  negative  for  the  third-harmonic  resistance).  In 
other  words,  the  optimum  terminal  voltage  must  be  able  to  reduce  the 
phase  delay  of  the  induced  current  relative  to  the  fundamental 
voltage  such  that  the  magnitude  of  the  fundamental  current  phase 
angle  is  less  than  90  degrees  and  also  keep  the  phase  difference 
between  the  third-harmonic  voltage  and  current  around  180  degrees. 

This  condition  can  be  achieved  easily  in  a  short-length  pin  diode, 
such  as  pin  diode  2,  that  has  a  negative  fundamental  efficiency 
in  single-frequency  operation  for  relatively  low  RF  voltages,  but 
the  negative  resistance  in  the  third  harmonic  is  low  in  this  short 
length  diode.  For  a  long  pin  diode,  a  high  harmonic  voltage  is 
needed  to  convert  the  fundamental  efficiency  from  positive  to  negative 
values.  However,  from  the  study  in  the  previous  section,  it  is  seen 
that  such  a  diode  has  a  low  harmonic-  current  that  may  not  guarantee 
that  the  diode  can  achieve  high  third-harmonic  resistance.  Hence  it 
is  the  purpose  of  this  section  to  compare  the  performance  of  pin  diodes 
with  different  lengths  to  determine  the  optimum  device  length  at 
this  particular  fundamental  frequency  of  23  GHz  for  high  third- 
harmonic  power  generation.  Pin  diode  1  is  discussed  in  detail  for 
understanding  the  effects  of  a  third-harmonic  voltage  on  the  RF 
current  components. 

2,U.6a  Third-Harmonic  Power  Generation  in  pin  Diode  1. 

In  the  presence  of  a  third-harmonic  voltage  together  with  a  fundamental 
voltage,  the  terminal  voltage  is  not  sinusoidal  and  will  affect  the 
induced  current  in  a  manner  different  from  that  in  single-frequency 
operation.  Basically  the  voltage  waveform  consists  of  two  portions 
(positive  and  negative)  with  similar  shapes.  Unlike  the 


conventional  IMPATT  diode  in  which  only  the  negative  portion  plays 

an  essential  role  in  device  performance,  both  portions  play  equally 

important  roles  for  the  formation  of  the  induced  current.  In  general, 

the  positive  one  determines  avalanche  multiplication  and  the  negative 

one  determines  the  extent  of  velocity  modulation.  By  varying  the 

phase  angle  0^  of  the  third-harmonic  voltage,  the  terminal  voltage 

peaks  at  different  instants  in  the  RF  cycle  as  illustrated  in  Fig.  2.24. 

For  consideration  of  third-harmonic  power  generation  it  is  worth 

examining  how  the  terminal  voltage  affects  the  injected  and  induced 

currents  and  determining  the  optimum  terminal  voltage  for  high  third- 

harmonic  current  generation.  According  to  these,  the  capability  of 

the  pin  diode  for  third-harmonic  power  generation  in  the  passive  mode 

can  be  evaluated.  The  investigation  is  carried  out  for  the  case  of 

J.  =7.5  kA/cm2. 
dc 

Figure  2.56  illustrates  the  terminal  voltage  and  injected  and 

induced  current  waveforms  for  V  =  28  V  and  V  =  8  V  for  four  dif- 

1  3 

ferent  values  of  0^y.  The  injected  current  is  discussed  first  to 
understand  the  influence  of  the  terminal  voltage  on  it.  Table  2.19 
summarizes  some  information  about  the  injected  current. 

From  the  figure  and  table  it  is  seen  that  the  injected  current 
becomes  sharper  as  6 ^  approaches  90  degrees  and  is  degraded  seriously 
as  approaches  240  degrees.  It  seems  that  variation  of  the  positive 
portion  of  the  RF  voltage  waveform  is  essential  to  affect  the  injected 
current.  At  0^  =  0  degrees,  the  terminal  RF  voltage  has  two  positive 
peaks  symmetrically  appearing  to  the  right  and  left  sides  of  cot  = 

90  degrees,  respectively.  As  6,^  increases  from  zero  to  l80  degrees, 
the  second  peak  (the  right  one)  moves  close  to  cot  =  90  degrees  with  an 


Table  2.19 


Summary  of  Characteristics  of  the  Injected  Current  of 


pin  Diode  1  at 
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increase  in  magnitude,  but  the  first  one  (the  left  one)  gradually 
disappears.  As  0^ y  decreases  from  360  toward  l80  degrees,  the 
first  peak  grows  significantly  and  moves  toward  90  degrees.  At 
=  90  degrees,  the  RF  voltage  has  only  one  positive  peak. 

According  to  Eq.  2.32,  the  injected  current  is  a  measure  of  the 
charge  generated  in  the  depleted  region  so  the  injected  current  is 
in  proportion  to  the  product  of  ionization  rates  and  carrier  densi¬ 
ties  in  the  region.  The  current  becomes  maximum  when  the  product  is 
the  highest.  Usually,  after  oot  =  0  degrees,  the  carrier  densities 
build  up  through  accumulation  since  most  of  the  carriers  generated 
cannot  be  removed  from  the  region,  except  those  near  the  edges  of  the 
depletion  region.  As  long  as  the  instantaneous  terminal  RF  voltage 
is  positive,  the  increase  in  carrier  densities  continues  until  the 
number  of  carriers  removed  from  the  depletion  region  is  significant. 
Therefore  the  carrier  densities  are  highest  at  a  certain  instant 
close  to  cot  =  l80  degrees.  Because  the  ionization  rates  are  directly 


proportional  to  the  terminal  voltage,  the  injected  current  is  higher 


if  the  terminal  voltage  peak  is  close  to  l8o  degrees.  The  cases  of 
8 =  0  and  90  degrees  fall  into  this  category  and  hence  the  in¬ 
jected  current  peaks  vary  significantly.  Between  tot  =  90  and  180 
degrees,  the  terminal  voltage  for  0^y  =  90  degrees  has  a  higher 
positive  peak  value  than  that  for  0^y  =  0  degrees  and  this  makes 
the  injected  current  at  8^y  =  90  degrees  sharper.  It  is  noted  that 
the  injected  current  usually  peaks  later  than  the  voltage  because 
of  the  properties  of  the  carrier  densities  and  ionization  rates. 
Hence,  increasing  0  moves  the  injected  current  to  the  left. 

The  injected  current  has  a  lower  peak  magnitude  provided  the 
voltage  peaks  far  away  from  cut  =  180  degrees.  The  case  of  0  = 

180  and  2k0  degrees  fall  into  this  category.  However,  for  0^y  = 

180  degrees,  the  voltage  peak  is  highest  than  for  any  other  case 
and  the  injected  current  can  be  still  higher  than  that  without 
applying  the  third-harmonic  voltage.  For  0^y  =  2h0  degrees,  the 
main  peak  of  the  voltage  appears  at  cot  =  75.6  degrees  and  at  this 
moment  the  carrier  density  is  not  high  enough  to  bring  up  the 
injected  current.  Beyond  this  moment,  the  voltage  drops  and  keeps 
a  small  change  over  a  certain  range  of  cot.  Hence,  the  charge  gen¬ 
eration  rate  is  limited  by  this  lower  terminal  voltage  and  the 
carrier  densities  grow  in  a  slow  manner.  As  a  consequence,  the 
injected  current  is  wide  and  low  in  magnitude. 

The  rise  of  the  induced  current  is  dependent  upon  whether  the 
injected  current  is  sharp  or  net,  but  the  fall  off  in  it  is  depen¬ 
dent  on  the  transit  time  and  velocity  modulation  of  carriers.  A 
summary  of  some  characteristics  of  the  induced  current  waveform  is 
given  in  Table  2.20. 


Table  2.20 


Summary  of  Characteristics  of  the  Induced  current  of  pin 
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In  comparison  with  that  in  the  single- frequency  operation  shown 
in  Fig.  2.48,  an  improvement  in  the  induced  current  can  be  seen  for 
the  cases  of  9^  =  0  and  90  degrees.  The  induced  current  at  6^.  =  90 
degrees  rises  as  fast  as  that  at  6  =  0  degrees,  but  drops  a  little  more 

quickly  and  reaches  its  peak  early.  This  indicates  that  a  proper 
third-harmonic  voltage  can  improve  the  shape  of  the  induced  current 
and  shift  it  to  the  left  to  make  the  fundamental  efficiency  negative. 

The  degradation  in  the  induced  current  can  be  seen  for  the 
cases  of  9 =  l80  and  240  degrees  by  a  lowering  in  magnitude  of  the 
current  peak  and  an  increase  in  the  width  of  the  current.  This  degrada¬ 
tion  is  clearly  related  to  the  slow  growth  of  the  carrier  densities. 
Therefore,  high  harmonic  current  cannot  be  expected  from  such  a  poor 
induced  current. 

The  variation  of  the  phase  delay  (or  phase  angle)  of 
the  fundamental  and  third-harmonic  currents  is  in  proportion  to  the 
extent  of  the  shift  of  the  induced  current  waveform  caused  by  the 
third-harmonic  voltage.  Obviously,  the  phase  delay  is  reduced  if 
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the  induced  current  shifts  to  the  left  and  is  increased  if  the  current 


shifts  to  the  right.  As  a  result  the  phase  delay  is  minimum  for  0  = 

l8C  degrees  and  increases  as  varies  from  l8C  degrees.  For  instance, 

^  V 

r^T  =  -80.3  degrees  and  0^^  =  -24.6  degrees  for  0  =  180  degrees  and 

0^T  =  -  101. 6  degrees  and  0^j  =  -  100. 7  degrees  for  =  0  degrees.  It 
is  usually  true  that  the  phase  delay  of  the  third-harmonic  current  varies 
greatly  with  6^  compared  with  that  of  the  fundamental  current.  Details 
about  the  effects  of  the  third-harmonic  voltage  on  the  device  performance 
can  be  understood  from  Fig.  2.57  which  shows  the  current  and  efficiency 
for  the  fundamental  and  third  harmonic  at  V  =  28  V.  It  can  be  seen 
from  the  figure  that  increasing  V3  will  enhance  the  variation  of  the 
third-harmonic  current  amplitude.  For  0^  between  -  30  degrees  (i.e., 
330  degrees)  and  120  degrees,  the  current  is  higher  than  that  in  the 
single-frequency  operation  at  the  same  V  and  increases  with  increasing 
V  .  This  property,  which  is  contrary  to  that  for  conventional  IMPATT 
diodes,  results  from  the  improvement  in  the  shape  of  the  induced  current 
waveform  in  the  previously  mentioned  range  of  0  .  For  8^  varying  be¬ 

tween  120  and  330  degrees,  the  third-harmonic  current  is  a  decreasing 
function  of  the  third-harmonic  voltage  and  becomes  lowest  at  ut  =  2hQ 
degrees,  where  the  induced  current  waveform  has  the  worst  shape. 

The  fundamental  and  third-harmonic  efficiencies  mainly  depend  on 
the  behavior  of  the  phase  delays  of  the  fundamental  and  third- 
harmonic  currents,  respectively.  The  behavior  of  the  third-harmonic 


current  nhase  delay,  which  decreases  from  0  =  G  to  l80  degrees  and 

0 » 

increases  again  beyond  l8C  degrees,  yields  a  positive  third-harmonic 
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FIG.  2. 57  FUNDAMENTAL  AND  THIRD- HARMONIC  EFFICIENCIES  AND 
CURRENT  DENSITIES  AT  J,  =7-5  kA/cm2  AND 
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120  degrees  where  the  phase  difference  between  the  third-harmonic 
current  and  voltage  is  approximately  180  degrees.  It  is  obvious 
that  increasing  can  increase  the  uiaximum  third-harmonic  efficiency. 
For  the  fundamental,  the  efficiency  at  a  given  V3  reaches  its  maximum 
at  approximately  =  180  degrees  since  the  corresponding  induced 
current  has  the  largest  shift  to  the  left.  Moreover,  at  this 
particular  fundamental  voltage,  where  the  efficiency  in  single¬ 
frequency  operation  is  positive,  the  efficiency  at  approximately 

0  =  180  degrees  will  gradually  decrease  and  become  negative  for  V 

3V  3 

greater  than  4  V.  In  other  words,  the  required  passive  mode  operation 

can  be  achieved  only  for  V3  greater  than  1  V. 

It  is  worth  noting  the  behavior  of  the  dc  voltage  under  various 

third-harmonic  voltages  unlike  that  in  conventional  IMPATT  diodes,  the 

dc  voltage  undergoes  a  small  change  with  V3  and  0^.  For  example,  at 

0_,r  *  0  degrees,  V,  =  40.223  V  for  V,  =  2  V  and  V  =  39.993  V  for 
jv  dc  3  dc 

V3  =  8  V.  At  0  =  180  degrees,  Vdc  =  39.656  V  for  V3  =  2  V  and  = 

37.34  V  for  V,  =  3  V  compared  with  V,  =  40.048  V  for  V  =  0  V.  The 
third-harmonic  voltage  produces  little  effect  on  the  dc  voltage.  This 
behavior  in  dc  voltage  restrains  the  maximum  amplitude  of  V3  which 
car  be  applied  to  the  terminal,  particularly  for  high  values  of  V  . 

For  further  simulation,  the  maximum  V  is  kept  less  than  V,  -  V  . 

In  order  to  evaluate  the  capability  of  the  pin  diodes  for 
frequency  multiplication  it  is  necessary  to  look  at  the  third- 
harmonic  power  density  that  can  be  obtained  from  simulation  and  the 
conversion  efficiency  Eff  which  is  defined  as 


According  to  this  definition,  the  conversion  efficiency  clearly  is 
a  function  of  and  0  .  It  is  possible  for  some  situations  that 

Eff  be  zero  so  that  the  conversion  efficiency  becomes  infinite. 
Although  the  infinite  conversion  efficiency  means  that  no  fundamental 
power  is  needed  to  generate  third-harmonic  power,  there  is  no  guaran¬ 
tee  that  for  such  a  situation  the  corresponding  third-harmonic  power 
output  is  maximum.  Since  fundamental  power  is  readily  available,  it 
is  better  to  evaluate  the  conversion  efficiency  at  the  points  near 
the  maximum  third-harmonic  power  output  points.  However,  the  corres¬ 
ponding  fundamental  resistance  is  not  usually  maximum  (it  is  maximized 
at  Qyj  =  l80  degrees)  so  that  the  conversion  efficiency  can  be  degraded 
by  the  series  resistance.  To  evaluate  the  effect  of  series  resistance, 
an  equivalent  circuit  for  pin  diodes  in  the  passive  mode,  which  is 
shown  in  Fig.  2.58,  is  considered. 

Because  of  the  sign  convention  adopted,  the  input  fundamental 
power  is  treated  as  negative,  but  the  third-harmonic  power  output 
is  treated  as  positive.  Including  the  series  resistance,  the  conver¬ 
sion  efficiency  Ef f ^ ^  can  be  expressed  as 


Eff' 

1  3 


iy  ~Rs 


d3 


R  +  R , 
s  di 

R. 

di 


1  - 


Eff 


d3 


1  3 


1  + 


dx 


(2.65) 


where  Eff  is  the  conversion  efficiency  without  taking  into  account 
the  series  resistance.  Rearranging  the  preceding  equation  and 
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assuming  R  /R  is  very  small  yields 

S  &1 


The  last  term  in  parentheses  of  Eq.  2.66  is  small  compared 
with  the  other  two  terms  and  can  be  neglected.  Minimizing  the 
degradation  in  conversion  efficiency  caused  by  the  series  resistance 
demands  that  R  ||  |R  |  should  be  as  large  as  possible.  Hence,  through' 
out  this  section  the  conversion  efficiency  for  a  given  V  and  is 
evaluated  at  the  phase  angle  0^y  such  that  the  corresponding  R^H  |R^3 
is  maximum.  (Fortunately,  the  corresponding  third-harmonic  power  is 
close  to  the  maximum  value.)  This  can  also  avoid  the  occurrence  of 
infinite  conversion  efficiency.  Based  on  such  criteria,  the  per¬ 
formance  of  pin  diode  1  at  various  operating  conditions  is  presented 
in  Figs.  2.59  to  2.6l. 

The  third-harmonic  power  density  is  plotted  in  Fig.  2.59- 

It  is  apparent  from  the  figure  that  increasing  dc  current  density 

enhances  the  third-harmonic  power  output.  Since  the  thermal  effect 

is  not  serious  it  is  better  to  operate  the  diode  at  high  dc  current 

density.  An  interesting  aspect  from  this  figure  is  that  for  a  given 

J,  the  rate  of  change  of  the  third-harmonic  power  relative  to  the 
dc 

third-harmonic  voltage  is  almost  the  same  for  different  fundamental 
voltages.  The  primary  reason  is  due  to  the  fact  that  for  the 
cases  considered,  0,v  is  approximately  120  degrees  and  the  third- 
harmonic  current  is  only  enhanced  a  little  while  increasing  the 
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FIG.  2.61  FUNDAMENTAL  AND  THIRD-HARMONIC  RESISTANCE  OF 

pin  DIODE  1  AT  J,  =7-5  kA/cm2. 
dc 


third-harmonic  voltage.  Hence,  the  third-harmonic  output  is  almost 
linearly  dependent  on  the  third-harmonic  voltage.  The  conversion 
efficiency  as  a  function  of  V  is  plotted  in  Fig.  2 .60.  As  shown 
in  this  figure,  the  conversion  efficiency  for  a  given  V  is  a  de¬ 
creasing  function  of  V3 ;  at  some  points  the  efficiency  can  be  higher 
than  100  percent.  However,  combining  Figs.  2.59  and  2.60  shows  that 
for  any  given  V  the  third-harmonic  power  output  is  not  the  highest 
at  the  maximum  conversion  efficiency  points.  This  reflects  a  fact 
that  the  conversion  efficiency  is  not  the  best  way  to  compare  the 
device  capability  for  frequency  multiplication.  As  is  known  from 
the  single-frequency  operation,  this  diode  has  a  positive  efficiency 
until  Vx  is  extremely  high.  Therefore,  for  most  V  ,  a  not  too  low 
third-harmonic  voltage  is  needed  in  order  to  convert  the  fundamental 
efficiency  from  positive  to  negative  values.  There  may  be  a  third- 
harmonic  voltage  at  which  the  fundamental  efficiency  exhibits  a  small 
negative  value  for  certain  At  such  conditions,  the  corres¬ 

ponding  conversion  efficiency  is  very  high.  As  V  continues  to 
increase,  the  fundamental  efficiency  becomes  more  negative,  and  this 
brings  down  the  conversion  efficiency.  It  is  also  learned  from 
single-frequency  operation  that  at  low  fundamental  voltages  the 
fundamental  current  has  a  large  phase  delay  due  to  the  small  space- 
charge  effect.  Similarly,  for  a  given  V3  in  multi frequency  operation 
a  low  fundamental  voltage  only  introduces  a  small  space-charge 
effect,  which  in  turn  increases  the  phase  delay  of  the  fundamental 
current  slightly.  Hence  the  conversion  efficiency  is  high  for  low 


fundamental  voltages . 


The  device  resistance  also  plays  an  essential  role  in  the 

evaluation  of  third-harmonic  power  output.  In  proportion  to  device 

conductance,  the  device  resistance  at  either  the  fundamental  or 

third  harmonic  depends  on  the  ratio  J  /V  cos  (0  T  -  9  _).  For  the 

data  points  shown  in  Fig.  2.59,  the  corresponding  phase  difference 

0o,r  -  0  is  always  in  the  range  from  150  to  200  degrees,  but  the 
j<  3 

third-harmonic  current  does  not  exhibit  too  much  variation  in 

magnitude.  For  examnle ,  for  J,  =7.5  kA/cm2,  the  corresponding  J 

dc  3 

varies  between  3  and  h  kA/cm2.  Therefore,  the  third-harmonic  resis¬ 
tance  is  nearly  inversely  proportional  to  the  third-harmonic  voltage. 
The  corresponding  fundamental  current  for  the  same  data  points , 
which  is  more  stable  than  the  corresponding  third-harmonic  current, 
has  only  a  few  percent  variation,  but  the  phase  difference 
61V  ~  ^li»  wh;i-cil  is  always  less  than  90  degrees,  decreases  while 
increasing  the  third-harmonic  voltage.  Therefore,  for  a  given 
fundamental  voltage,  the  ratio  J^/V  remains  almost  unchanged,  but 
the  value  of  cos  (0  -  0.^)  is  8X1  increasing  function  of  V3 .  This 

results  in  the  increasing  behavior  of  the  fundamental  resistance 
with  V  .  A  typical  example  is  illustrated  in  Fig.  2.6l  which  shows 
the  corresponding  resistance  for  the  fundamental  and  third  harmonic 
for  the  data  points  shown  in  Fig.  2.59  at  J  =7.5  kA/cm2.  From 
this  figure,  with  increasing  V  ,  the  fundamental  resistance  indeed 
increases  in  magnitude,  and  the  third-harmonic  resistance  linearly 
decreases  in  magnitude  except  for  the  case  of  V  =  32  V  where  con¬ 
vergent  solutions  may  not  be  obtained  as  0^y  is  greater  than  120 
degrees.  It  can  be  seen  from  the  figure  that  the  magnitude  of  the 
third-harmonic  resistance  for  this  particular  dc  current  density 


is  less  than  10  fi-cm2.  Although  a  high  dc  current  density  can 


enhance  the  magnitude  of  the  third-harmonic  resistance,  the  property 
that  the  magnitude  decreases  with  makes  it  impossible  to  operate 
pin  diode  1  at  high  V3  where  high  third-harmonic  power  is  expected. 

At  first  the  third-harmonic  power  output  is  calculated  by 
considering  only  circuit-matching  effects.  The  diode  area  is  chosen 
such  that  the  magnitude  of  device  resistance  (not  per  unit  area)  at  the 
fundamental  and  third  harmonic  is  greater  than  or  equal  to  1  fl.  The 
best  way  to  achieve  this  is  to  make  the  device  area  equal  to  the 
minimum  value  between  the  magnitudes  of  both  resistances  in  per  unit 
area.  On  the  basis  of  this  principle,  the  maximum  third-harmonic 
power  output  for  each  J^c  and  is  calculated  and  presented  in  Table 
2.21. 

One  of  several  interesting  aspects  from  the  results  of  this 
table  is  that  the  maximum  third-harmonic  power  for  a  given  J^c  is 
almost  independent  of  the  operating  fundamental  voltage.  This  can 
be  understood  from  the  behavior  of  the  magnitude  and  phase  angle  of 
the  third-harmonic  current  since  the  power  output  P  ^  is  calculated 
by  the  following  formula: 


p  =  i  v2 !r  I  d3 

3 out  2  3 '  d3 '  G \  +  B?  ’ 


(2.67) 


zd3  d3 


where  G,  =  (J  /V  )  cos  (eoir  -  0„).  Substituting  G  into  Eq.  2.67 

d3  3  3  3V  31  cp 


yields 


P  =  4  J2 

3  OUt 


3N 


2  °dc  G2  +  32".  cos  (03V  03I ^  ' 


(2.68) 


d3  d3 


For  most  cases  considered,  B2  >>G2  and  -  cos  (0O,T  -  0-,-r)  is  close 
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to  one  and  J  does  not  vary  greatly  at  different  optimum  operational 
terminal  voltages.  Consequently,  the  third-harmonic  power  output  for 
a  given  dc  current  density  is  not  dependent  on  the  fundamental  voltage 
provided  that  the  space-charge  effect  is  not  too  serious.  The  other 
interesting  aspect  is  that  the  maximum  third-harmonic  power  for  a 
given  V1  is  quadratically  proportional  to  the  dc  current  density. 
According  to  the  same  reason  given  before,  the  quadratic  dependence 
can  he  expected  from  Eq.  2.68. 

From  Table  2.21,  the  maximum  conversion  efficiency  achieved  for 
pin  diode  1  is  102  percent  for  =  15  kA/cm2  and  =  2b  V.  The 
maximum  third-harmonic  power  output  is  2.295  W  at  J  =  15  kA/cm2  and 
V  =  28  V. 

In  order  to  evaluate  the  third-harmonic  power  output  including 
the  thermal  constraint,  the  same  procedure  used  for  the  conventional 
IMPATT  is  adopted  where  diode  t2  in  Eq.  2.51  is  taken  to  be  equal  to 
the  device  length  of  pin  diode  1  (1.2  ym)  and  the  maximum  device 
temperature  is  still  assumed  to  be  500°K.  The  calculation  is  carried 
out  for  four  different  types  of  heat  sink  structures,  and  only  the 
results  for  maximum  third-harmonic  power  output  for  different  dc 
current  densities  and  heat  sink  structures  are  listed  in  Table  2.22. 

It  can  be  observed  from  the  table  that  (l)  at  low  dc  current  density, 
such  as  3.6  kA/cm2,  the  thermal  effect  does  not  impose  a  constraint 
on  the  output  power;  (2)  at  medium  dc  current  density,  such  as  7.5 
kA/cm2,  the  thermal  effect  only  constrains  the  output  pow?r  from 
the  single  mesa  structure  on  a  copper  heat  sink;  and  (3)  at  a  high 
dc  current  density,  such  as  15  kA/cm2,  the  thermal  effects  plays  an 
essential  role  in  the  capability  of  the  third-harmonic  power 
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generation  of  pin  diode  1.  The  single  mesa  on  a  copper  heat  sink 


structure  gives  the  lowest  power  output  and  the  ring  geometry  on  a 
diamond  heat  sink  gives  the  highest  power  output,  which  is  still 
less  than  the  maximum  value  achieved  by  considering  only  the 
circuit-matching  effect. 

2.4.6b  Third-Harmonic  Power  Generation  in  pin  Diode  2. 

Pin  diode  2  has  a  shorter  device  length  than  pin  diode  1.  In 

single-frequency  operation,  its  short  device  length  yields  a  much 

different  performance  from  that  of  pin  diode  1.  In  multifrequency 

operation,  it  is  interesting  to  compare  the  performance  difference 

between  them  and  to  see  whether  reducing  device  length  can  improve  the 

capability  for  converting  the  fundamental  power  to  the  third-harmonic 

power.  In  the  following,  the  performance  of  pin  diode  2  at  =  l6  V 

and  J,  =7.5  kA/cm2  is  discussed  first, 
dc 

Figure  2.62  shows  the  properties  of  pin  diode  2  at  V1  =  l6  V 

and  J,  =7-5  kA/cm2.  This  diode  has  a  voltage  modulation  ratio  of 
dc 

O.676  at  V3  =  0  V,  which  is  close  to  the  value  of  0.699  for  the  case 

of  pin  diode  1  shown  in  Fig.  2.57.  The  third-harmonic  voltage  applied 

to  pin  diode  2  is  one  half  of  that  indicated  in  Fig.  2.57.  It  can 

be  seen  in  Fig.  2.62  that  the  normalized  fundamental  current  does  not 

exhibit  a  significant  change  while  increasing  V3 ,  except  at  V  = 

4  V  and  0^  =  24o  degrees  where  the  current  drops  a  little.  The 

normalized  fundamental  current  is  close  to  the  ideal  limit,  two,  due 

to  the  sharp  induced  current  waveform.  Any  reduction  in  the  induced 

current  width  may  not  cause  the  normalized  fundamental  current  to 

increase  significantly.  The  normalized  third-harmonic  current  does 

chow  a  certain  variation  with  V  .  The  maximum  achievable  magnitude 
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of  this  current  increases  from  0.911  at  V3  =  0  V  to  1.138  at 

V3  =  U  V  and  this  corresponds  to  a  relative  increase  of  26  percent 

compared  with  the  value  of  35*7  percent  for  the  pin  diode  at  28  V. 

This  implies  that  the  third-harmonic  voltage  may  not  enhance  the 
third-harmonic  current  in  a  short-length  pin  diode  as  greatly  as 
it  does  in  a  long-length  pin  diode. 

The  fundamental  efficiency  remains  negative  for  most  operating 
conditions  shown  in  Fig.  2.62.  This  property  guarantees  that  the 
passive  mode  operation  can  he  achieved  easily  in  pin  diode  2.  It  is 
noted  that  the  fundamental  efficiency  becomes  positive  only  at  high 
V  for  0  varying  from  -  2b0  to  30  degrees,  but  the  third-harmonic 

3  3  V 

efficiency  at  these  conditions  may  be  negative.  There  is  no  possibil¬ 
ity  to  operate  diode  2  at  these  conditions.  Since  the  fundamental 
current  has  a  smaller  phase  delay  than  that  in  pin  diode  1,  the 
fundamental  efficiency  can  achieve  a  higher  negative  value.  The 
third-harmonic  efficiency  is  also  higher  than  that  in  diode  1.  For 
instance,  the  maximum  third-harmonic  efficiency  found  in  Fig.  2.62 
is  8.63  percent,  compared  with  5*67  percent  achieved  in  diode  1  for 
the  case  shown  in  Fig.  2.57.  This  is  attributed  to  the  larger 
normalized  third-harmonic  current  available  in  pin  diode  2. 

The  third-harmonic  power  density  and  conversion  efficiency, 

shown  in  Figs.  2.63  and  2.61,  respectively,  are  chosen  according  to 

the  same  principle  mentioned  in  the  last  section.  The  third-harmonic 

power  shows  a  similar  dependence  on  the  dc  current  density  and 

third-harmonic  voltage  as  in  diode  1.  If  compared  at  the  same  third- 

harmonic  voltage  and  V  (diode  2)  =  V  (diode  l)/2,  the  third-harmonic 

1  2 

power  is  not  double  that  achieved  in  diode  1,  despite  the  fact  that  the 


pin  DIODE  2  AT  VARIOUS  CONDITIONS. 


third-harmonic  current  is  two  times  higher  than  that  in  diode  1. 

The  reasons  for  this  are  that,  for  diode  2,  the  fundamental  efficiency 
is  always  negative  with  a  large  magnitude  for  most  operating  condi¬ 
tions;  hence,  for  given  V1  and  V3 ,  the  data  points  chosen  for 
comparison  are  close  to  the  maximum  third-harmonic  resistance  points 
where  the  corresponding  phase  difference  6^y  ~  ^31  °^1:en  "below 

150  degrees.  However,  the  data  point  chosen  for  pin  diode  1  for 
given  Vx  and  V3  is  close  to  the  maximum  third-harmonic  power  point 
where  Q^y  -  ^1  is  near  180  degrees.  Therefore,  the  third-harmonic 
power  achieved  in  diode  2  is  higher  than  that  in  diode  1,  but  is  not 
double  that  in  diode  1,  while  comparing  at  the  same  harmonic  voltage. 
Pin  diode  2  has  a  small  back-bias  effect  due  to  its  short  length. 
Comparing  at  Vx  (diode  2)  =  V1  (diode  l)/2,  diode  2  can  have  a  higher 
V3/V1  than  diode  1.  This  means  that  diode  2  can  reach  a  higher 
harmonic  power  density  at  higher  V3 . 

The  conversion  efficiency  is  quite  different  between  the  two 
diodes.  For  diode  2,  the  convers.sn  efficiency  shows  increasing 
behavior  at  small  V3  but  decreasing  behavior  at  high  V3 ,  except  for 
V1  less  than  12  V.  This  property  can  be  understood  in  terms  of 
device  characteristics  in  single-frequency  operation,  which  indicates 
that  the  fundamental  efficiency  is  below  zero  for  V  treater  than 
lU  V.  Hence,  for  greater  than  lU  V,  a  third-harmonic  voltage 
may  not  bring  down  the  fundamental  efficiency  as  rapidly  as  it  brings 
up  the  third-harmonic  efficiency  until  V3  is  high.  As  a  result, 
the  conversion  efficiency  has  an  increasing  behavior  at  a  small  V3 . 

For  a  given  and  V3,  the  conversion  efficiency  is  high  for  high 
dc  current  density.  This  is  related  to  the  characteristics  in 


single-frequency  operation  that  show  that  the  fundamental  efficiency 


is  higher  for  higher  dc  current  density.  As  a  result,  for  given 


\\  ,V  ,  the  fundamental  efficiency  after  becoming  negative  is  always 


small  in  magnitude  at  high  dc  current  densities  and  thus  the  conver¬ 
sion  efficiency  is  high.  The  behavior  of  the  fundamental  and  third- 


harmonic  resistances  at  =  7*5  kA/'cm2  are  those  of  pin  diode  1 


shown  in  Fig.  2.62.  As  explained  before,  the  fundamental  resistance 


increases  in  magnitude  with  increasing  V3 ,  but  the  third-harmonic 


resistance  decreases  in  magnitude.  The  magnitudes  of  both  resis¬ 
tances  depend  on  how  they  are  chosen.  For  the  data  points  chosen  for 


comparsion,  the  phase  difference  Q ^  is  less  than  150  degrees. 


This  might  lead  to  the  significant  reduction  of  the  susceptance  B  at 


small  V3 ,  despite  the  fact  that  the  device  length  is  also  short. 


Hence,  the  magnitude  of  third-harmonic  resistance  may  become  higher 


at  small  V  than  for  that  of  diode  1. 
3 


At  first  the  third-harmonic  power  is  calculated  by  considering 
the  circuit-matching  effect  only.  Table  2.23  presents  the  results 
of  the  calculated  third-harmonic  power.  As  before,  the  third-harmonic 


nower  exhibits  almost  the  same  behavior  with  J,  as  that  of  nin 

dc 


diode  1  and  is  only  slightly  higher  for  =  7*5  kA/cm2.  In  other 


words,  a  further  reduction  in  device  length  may  not  improve  the 
third-harmonic  power  output  significantly.  Increasing  dc  current 
density  may  only  increase  the  output.  This  reveals  a  saturation 
phenomenon  for  the  pin  diode  that  will  be  discussed  later. 

Table  2.2u  presents  the  maximum  achievable  third-harmonic 
power  taking  the  thermal  effect  into  consideration.  Due  to  its  lew 
thermal  resistance  ter  unit  area,  pin  diode  2  is  not  thermally 


91.22  0.6  0.120  1.2  324 
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restrained  for  J,  less  than  7.5  kA/cm2.  The  maximum  achievable 
dc 

third-harmonic  power  output  is  0.689  W  for  =  7.5  kA/cm2  and 

0.155  W  for  J,  =  3.6  kA/cm2.  At  J  =  15  kA/cm2,  the  maximum 
ic  dc 

achievable  power  output  depending  on  the  heat  sink  structure  used, 
is  the  lowest  for  a  single  mesa  on  a  copper  heat  sink  (0.686  W)  and 
the  highest  for  a  ring  geometry  on  a  diamond  heat  sink  (2.703  W). 

2,k.6c  Third-Harmonic  Power  Generation  in  pin  Diode  3. 

Due  to  its  long  device  length,  pin  diode  3  exhibits  a  superior  funda¬ 
mental  performance  over  other  diodes,  but  its  nonlinearity  is  ser¬ 
iously  degraded.  In  addition,  its  thermal  resistance  is  high  enough 
to  impose  a  constraint  in  the  third-harmonic  power  output  at  high  dc 
currents.  A  brief  discussion  about  its  performance  in  the  presence 
of  a  third-harmonic  voltage  is  given  next. 

Figure  2.65  shows  the  properties  of  pin  diode  3  at  V  =  38  V 

l 

and  J,  =7.5  kA/cm2.  The  diode  experiences  a  small  variation  in  the 
dc 

fundamental  and  third-harmonic  currents  for  V3  below  6  V.  At  these 
conditions,  the  third-harmonic  efficiency  is  positive  but  small  for 
between  zero  and  180  degrees  and  the  corresponding  fundamental 
efficiency  is  still  positive.  This  restrains  the  diode  from  operating 
at  lower  V3  to  convert  the  external  fundamental  power  to  the  third- 
harmonic  power.  In  other  words,  a  very  high  V  is  needed  to  shift 
the  induced  current  to  the  left  such  that  the  fundamental  current 
can  have  a  phase  delay  less  than  90  degrees.  At  such  a  condition, 
the  electric  field  in  the  central  portion  of  the  depletion  region 
for  a  certain  9 ^  may  fall  below  zero  when  the  instantaneous  terminal 
voltage  becomes  low  enough  and  causes  the  carriers  to  flow  inwards 


instead  of  outwards.  As  a  consequence,  the  induced  current  contains 
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a  dip  that  decreases  the  fundamental  efficiency  and  enhances  the 

third-harmonic  current.  From  the  results  shown  in  Fig.  2.65,  the  above- 

mentioned  phenomenon  can  occur  at  V  =  10  V  for  0  between  210  and 

3  3 « 

270  degrees,  for  which  the  terminal  voltage  shows  a  significant 
negative  peak  between  ojt  =  180  and  270  degrees.  In  this  interval 
the  carrier  concentration  is  still  high  and  the  corresponding  third- 
harmonic  efficiency  is  negative.  Moreover,  such  a  high  V3  causes  a 
convergence  problem  in  the  simulation  so  it  is  impossible  to  utilize 
the  phenomenon  to  enhance  the  third-harmonic  power  output. 

Table  2.25  lists  the  calculated  third-harmonic  power  output 
considering  only  the  circuit-matching  effect.  The  results  also  show 
the  quadratic  dependence  of  the  third-harmonic  power  output  on  dc 
current  density,  but  the  required  operating  V3  is  high.  The  average 
power  output  level  is  much  less  than  that  in  the  other  two  diodes. 

Table  2.26  presents  the  results  including  the  thermal  effect. 

For  Jdc  =  15  kA/cm2 ,  the  thermal  effect  plays  an  essential  role  in 
restraining  the  third-harmonic  power  output.  Instead,  the  maximum 
power  output  is  achieved  at  =7.5  kA/cm2  and  its  value  is  only 
0.23  W.  It  may  be  concluded  that  a  long  pin  diode  is  not  suitable 
for  frequency  multiplication. 

2.U.7  Limitations  on  Third-Harmonic  Power  Generation  from 
pin  Diodes.  From  the  results  discussed  previously,  except  for  the 
thermal  constraint,  the  maximum  available  third-harmonic  power  output 
from  pin  diodes  for  a  given  current  density  seems  to  saturate  as  the 
device  length  decreases.  This  saturation  is  the  consequence  of  the 
behavior  of  the  maximum  available  third-harmonic  current  from  a  pin 
diode.  Due  to  its  positive  induced  current,  the  normalized 
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third-harmonic  current,  according  to  Eq.  2.23,  never  exceeds  two 


and  this  means  that  the  third-harmonic  current  will  not  increase 
significantly  as  the  device  length  decreases  greatly.  Therefore,  at 
a  small  device  length,  reduction  in  the  required  area  for  matching 
1— B  resistance  will  decrease  the  third-harmonic  power  output.  However 
at  large  device  length,  the  third-harmonic  current  usually  increases 
at  a  rapid  rate  as  the  length  decreases.  The  power  output  increases 
when  the  device  length  decreases  since  the  third-harmonic  current  can 
increase  at  a  faster  rate.  As  a  result,  the  maximum  available  third- 
harmonic  power  output  at  a  given  dc  current  density  saturates  for  a 
certain  device  length.  The  condition  for  the  saturation  in  the  power 
output  can  be  derived  for  an  ideal  situation.  If  the  effect  of  the 
third-harmonic  voltage  is  neglected  and  the  phase  difference  6,.^  -  S^-r 
is  kept  at  l80  degrees,  then  Eq.  2.68  becomes 


P 


3  OUt 


T2 

1  j2  3N 

2  dc  G2  +  B2 

d3  d3 


(2.69) 


where  B.  =  (3coe/w).  Since  the  term  3o)e/w  is  always  dominant  in  the 
0.3 

denominator,  provided  that  is  not  too  small,  the  above  equation 
can  be  approximated  as 


3  out 


=  id2 


J3l/ 


2  ~dc  9u)Tsr 


(2.70) 


From  the  assumption  that  J  ^  is  only  a  function  of  device  length, 


the  saturation  condition  for  P 
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J  +  i  =  0  . 

dw  w 


(2.72) 


This  equation  indicates  tin  ■  at  the  saturation  condition  the  relative 

changing  rate  should  be  equal  to  -l/w  and  the  slope 

dJ_,,r/dw  should  be  negative.  The  optimum  device  length  W  corres- 
3N  ax-  °  opt 

ponding  to  saturation  in  output  power  can  be  derived  provided  that  the 

relation  between  J_.T  and  w  is  known.  The  case  of  J,  =7-5  kA/cm2 
3N  dc 

is  considered.  Curve  fitting  J  ^  corresponding  to  the  maximum  third- 
harmonic  power  output  for  three  different  pin  diodes  shown  in  Tables 


2.21,  2.23  and  2.25,  respectively  yields 


J3N^  =  2  exp 


-  (Aw2  +  Bw)  , 


(2.73) 


where  A  =  0,1937  x  10-8  cm-2  and  B  =  0.8869  x  10  14  cm-1  .  Substituting 
J_.  (w)  into  Eq.  2.72  yields  w  =  0.828  ym.  At  this  optimum  length. 

Opt) 

is  equal  to  0.8U  and  the  expected  third-harmonic  power  outout 

according  to  Eq.  2.70  is  0.663  ^,  which  is  slightly  less  than  the 

maximum  value  achieved  in  pin  diode  2  at  the  same  J,  .  This  is 

dc 

because  of  the  assumption  of  Q^y  -  =  180  degrees.  Figure  2.66 

shows  the  expected  performance  of  a  pin  diode,  based  on  Eqs.  2.70  and 
2.73  along  with  the  results  achieved  in  pin  diodes  for  comparison. 

2.E.8  Summary  and  Conclusions.  In  addition  to  the  ionization 
rates,  space-charge  and  transit-time  effects  are  important  in  the 
performance  of  pin  diodes  under  breakdown  conditions.  They  deter- 
— ae  how  fast  the  induced  current  builds  up  and  falls  off.  For 
a  long -length  diode  in  single-frequency  operation,  both  effects 
are  significant  in  slowing  down  the  build  up  and  fall  off  of  the 


induced  current.  The  result  is  that  the  fundamental  efficiency  is 
positive  and  high,  but  the  harmonic  current  generation  is  degraded. 

For  a  short-length  diode,  the  space-charge  effect  is  not  significant 
so  the  induced  current  is  mainly  determined  by  the  ionization  rates 
and  the  transit-time  effect.  The  result  is  that  the  fundamental 
efficiency  is  reduced  and  may  become  negative  for  certain  conditions, 
but  the  harmonic  current  generation  is  improved.  However,  significant 
improvement  in  the  third-harmonic  generation  by  further  reducing  the 
device  length  is  impossible  to  achieve  because  the  maximum  third- 
harmonic  current  amplitude  cannot  exceed  two  times  the  dc  current. 

In  multi frequency  operation, a  proper  terminal  voltage  can 
further  improve  the  shape  of  the  induced  current  and  shift  it  to  the 
left  to  make  the  fundamental  efficiency  negative.  Passive  mode 
operation  can  be  achieved  easily  for  a  short-length  diode,  but 
cannot  be  achieved  for  a  long-length  diode  except  with  a  large 
third-harmonic  voltage.  For  interesting  operating  conditions,  the 
third-harmonic  current,  which  is  not  strongly  dependent  on  the  ter¬ 
minal  voltage,  can  only  be  enhanced  slightly  by  increasing  the  third- 
harmonic  voltage.  This  property  results  in  a  maximum  achievable 
third-harmonic  power  output,  which  is  almost  independent  of  the 
operating  fundamental  voltage,  but  is  quadratically  dependent  on  dc 
current  density.  Hence,  it  is  better  to  operate  pin  diodes  with  a 
current  density  as  high  as  possible  until  the  thermal  effect  is  not 
negligible. 

The  maximum  achievable  third-harmonic  power  output  is  limited 
due  to  the  saturation  behavior  of  the  normalized  third-harmonic 
current  with  device  length.  The  optimum  device  length  for  which 


the  pin  diodes  can  achieve  the  best  third-harmonic  power  output  in 
passive  mode  operation  is  dependent  upon  the  operating  frequency 
but  seems  independent  of  the  dc  current  density  if  it  is  not  too 
high.  For  this  particular  frequency,  23  GHz,  the  optimum  device 
length  is  0.828  pm  and  the  corresponding  transit  time  is  approxi¬ 
mately  0.38tt.  At  high  frequencies,  the  optimum  device  length 
decreases  proportionately  and  the  maximum  achievable  third- 
harmonic  power  decreases  at  a  rate  inversely  proportional  to  the  square 


of  frequency. 


CHAPTER  III 


MODEL  FOR  SELF-OSCILLATING  OPERATION  OF  THE  THREE-FREQUENCY 

IMPATT  DIODE  OSCILLATOR 


3.1  Introduction 

This  section  is  concerned  with  an  investigation  of  the  third- 

harmonic  performance  of  an  IMPATT  diode  using  an  analytical  approach. 

It  was  shown  in  the  previous  chapter  that  the  harmonic  current 

components  exist  in  an  IMPATT  diode  being  driven  with  an  arbitrary 

shape  of  RF  voltage.  Hence,  in  a  practical  IMPATT  diode  oscillator, 

owing  to  interaction  between  the  fundamental  and  harmonic  components 

through  the  device  nonlinearity,  there  will  be  an  observable  effect 

or.  third-harmonic  generation.  Computer  simulations  presented  in  the 

previous  chapter  for  two-frequency  operation  were  not  sufficiently 

detailed  to  provide  the  insight  necessary  to  understand  the  diode 

performance  in  multi frequency  operation.  With  operation  involving 

more  than  two  frequencies,  computer  simulation  becomes  very  complicated 

since  more  variables  are  needed  in  order  to  determine  an  optimum 

performance  at  the  third  harmonic.  Therefore,  an  alternative  method 

for  investigating  multifrequency  operation  has  teen  adopted,  namely, 

an  analytic  approach  has  been  developed  with  the  equivalent  circuit 

3  2  3  9  1 

model  for  an  IMPATT  diode.  Most  of  the  analytic  analyses  5  ’ 

rely  on  using  the  exponential  nonlinearity  inherent  in  the  avalanche 
breakdown,  but  they  neglect  depletion-layer  modulation  effects  as 
they  are  difficult  to  incorporate  in  these  models.  In  the  following 
study,  Mouthaan's  work  has  been  adapted  in  developing  the 
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pi  v 

J  exp  v  dt 

CO  iTa  Jo  a 


(3.1) 


where  t  =  x  /v  and  V  is  the  RF  voltage  across  the  avalanche  region. 

cL  9.  S  a 

The  total  current  density  J  ,  which  is  the  sum  of  the  injected  current 
and  displacement  current  densities,  is 


J+  =  J.  .  +  C  — ^  .  (3.2) 

t  mj  a  dt 

h.  The  spatial  distribution  of  carriers  injected  into  the  drift 

regions  remains  unchanged  over  the  drift  time  in  both  regions. 

Assuming  that  the  metallurgical  junction  is  located  at  x  =  0,  the 

spatial  distribution  of  electron  and  hole  currents,  J  .  and  J  ,, 

nd  pd’ 

respectively,  are 


J  (x,t)  =  J.  .(t  -  x/v  )  x  / 2  <  x  <  w/2  (3.3) 

nd  mj  s  a 


J  (x,t)  =  J.  (t  +  x/v  )  -  w/2  <  x  <  -  x  /2  ,  (3.^) 

pd  mj  s  a 

where  w  is  the  total  width  of  the  device.  Furthermore,  the  carriers 
in  the  avalanche  region  are  assumed  to  have  no  contribution  to  the 
induced  current,  so  the  total  current  density  can  also  be  expressed 


,  fv/ 2  ,-x  /2  dV. 

K  *  J  ,  dx +  aJ  di+C,-U 

1  2td  L  n  nd  2lld'-v/2  pd  d  dt 

a 


1  fw/2  r  x  dVd 

—  J.  ,  t  -  —  dx  +  C,  — —  , 

^dJx/2  in>H  VsJ  d  dt 

a 


(3.5) 


where  l  .  is  the  drift  region  length,  C  =  e/2 1,  and  V,  is  the  total  RF 

CL  Q.  U  CL 

voltage  across  both  drift  regions.  In  operation  at  an  angular 
frequency  m ,  the  current  density  J  can  be  expressed  in  terms  of  a 
Fourier  series  as  follows: 


J.  .  =  J. 

mj  dc 


1  +  -z  J  [B  exp  (jmwt)  +  g*  exp  (-  jmut)] 
d  m  m 

m=l 


(3.6) 


The  normalized  mth  component  of  the  current  phasor  b  can  be 

m 

expressed  in  the  following  form: 


1 

TT 


2IT 


J.  .  exp  (-  jmtijt)  doit 


r  2-tt 


inj 


J.  .  exp  (-  Jmuit)  dwt 


inj 


em  = 


dc 


2tt 

J .  .  dojt 

0  inj 


(3.7) 


Since  J^n ^  is  always  positively  defined,  Eq.  3.7  implies  that 


B  =  2  . 

m 


(3.8; 


Since  the  total  current  must  be  the  same  at  either  the  avalanche 

region  or  the  drift  region,  Eqs.  3.2  and  3.5  imply  that  the  mth 

harmonic  phasor  comnor.ent  J  of  the  total  current  can  be  expressed 

tm 

as  follows: 


J  =  Z ,  g  +  jm^C  V 
tm  dc  m  a  am 


1  -  exp  (-  ,jm0^) 

- : — ; - —  Z  g  +  jmajC  V  , 

,;mti_,  dc  m  d  dm 

(3.9) 


where  V  and  V  are  the  mth  harmer.i :  rha: 
am  dm 


V  and  V,,  resuec- 
a  d 


tivelv,  and  9,  =  uj£,/v  .  The  assume!  electric  field  rrofile  of  the 
d  as 


iicde  is  shown  in  Fit,.  3.1a  an: 


t  h  C 


w/  c 


V2  x  =  0  xq/2 
distance 

(o) 


w/2 


3.1  (a)  ELECTRIC  FIELD  PROFILE  FOR  THE  DIODE  ADD  (b) 

EQUIVALENT  CIRCUIT  FOR  THREE- FREQUENCY  OPERATION. 

[f  =  23  GHz,  x  =  0.2  pm,  0.  =  u/l/v  )  -  0 . 7Utt  ,  v  = 
a  as  s 

5.2  x  106  cm/s  ,  a’  =  0.22  V~ 1 cm~ 1 ,  E  '  5  x  105  V/cm 

max 

AND  A  =  1.55  x  10~4  cm2] 
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fundamental  second-  and  third-harmonic  signal  components  is  shown 
in  Fig.  3.1b.  In  the  equivalent  circuit  assumed  in  this  analysis, 
the  avalanche  region  at  each  frequency  is  modeled  by  a  current  gen¬ 
erator  in  parallel  with  an  avalanche  region  actual  capacitance.  The 
drift  region  is  modeled  by  a  dependent  current  source  in  parallel 
with  a  drift  region  actual  capacitance.  The  coupling  between  each 
harmonically  related  signal  is  assumed  to  be  through  the  term  being 
a  nonlinear  function  of  V 

am 

With  the  aid  of  the  equivalent  circuit,  the  device  impedance 

Z,  at  the  mth  harmonic  frequency,  defined  by  the  ratio  of  the  mth 
dm 

harmonic  phasor  of  the  terminal  voltage  to  the  mth  harmonic  phasor  of 
the  total  current,  can  be  written  as  follows: 


V  +  VJ 
am  dm 


"'dm  A(J,  +  jmaiC  V  ) 
dc  m  "  a  am 


(3.10) 


When  is  expressed  in  terms  of  and  Eq.  3.9  is  used,  the  impedance 


Z,  can  be  expressed  as  follows: 
dm 


1  -  [1  -  exp  (-  jme^) ] /jmed 


dm 


_1 _ 1 _  +  _ = _ 

jmCA  1  +  J^6ryijmwCoVom  jmwCaA(l  + 


dc  m 


a  am 


(3.11) 


where  C  =  C  C,/(C  +  C,)  is  the  total  capacitance  of  the  device, 
a  d  a  d 


In  an  actual  oscillator  circuit,  the  diode  is  connected  to  its 


external  linear  circuit  with  the  impedance  Z  =  R  +  jX  deter- 

cm  cm  cm 


mined  at  frequency  raw .  The  condition  for  a  stable  oscillation 


requires  that  the  total  impedance  Z  vanish  at  frequency  w,  i.e., 


Zx  =  Z^  +  Z  =0 
tm  dm  cm 


(3.12) 
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The  preceding  equation  states  that  the  ratio  of  the  displacement 

current  to  the  injected  current  in  the  avalanche  region  is  restricted  by 

the  value  of  the  parameter  p^.  The  parameter  p^,  defined  by  Eq. 

3.lU,  describes  the  combined  impedance  characteristics  of  the  external 

circuit,  the  drift  region,  and  the  total  capacitance  of  the  diode. 

Solutions  to  the  oscillation  equation  (Eq.  3.15)  can  exist  only  for  a 

particular  value  of  p  .  One  fundamental  limitation  of  the  possible 

solutions  of  Eq.  3.15  results  from  the  fact  that  the  magnitude  of  8^ 

is  less  than  two,  which  means  that  the  magnitude  of  the  required 

0  value  should  be  greater  than  a  certain  value.  The  other  limitation 
m 

is  due  to  the  permissible  RF  voltage  swing  which  cannot  exceed  the 
dc  bias  voltage,  otherwise  depletion-layer  modulation  will  take 
place.  These  limitations  of  the  solutions  restrict  the  available 
output  power  from  the  device.  The  useful  output  power  P  is. 


therefore,  given  cy 


0.5  |J 


P 

m 


2  P. 
tm  cm 


or 


n 

i. 

m 


0.5 


cm 


(3.17) 


if  J  is  replaced  by  p  and  0  . 
tm  m  m 

The  coefficient  0  can  be  calculated  from  Eq.  3.7  if  the  value 
m 


of  V  is  known.  It  is  of  particular  interest  to  consider  the  induc- 
am 

tive  type  of  injection,  which  makes  the  coefficient  0^  purely  imagin¬ 


ary  and  the  coefficient  p  real  if  V  is  real.  This  also  makes  it 

m  am 


possible  to  discuss  the  small-signal  oscillation  apr-i’c  ximat ion. 


3.3  Small-Signal  Oscillation  Conditions 

In  order  to  solve  the  oscillation  equation  'Eq.  i.lc)  for  small 
signal  conditions,  the  Fourier  series  representation  must  be  obtained 


for  the. injected  current  density  J.  .  involving  the  Fourier  coeffi- 

inj 


cients  being  related  to  the  voltage  V  across  the  avalanche  region. 

3, 


If  V  (t)  (the  instantaneous  voltage  across  the  avalanche  region)  is 
a 


assumed  to  be 


V  (t)  =  T  V  sin  (mwt  +  <j>  )  , 

a  Tm 


m=l 


(3.18) 


the  complex  form  of  V  is  therefore 

a 


V  (t)  =  y 

a  m=l 


V  j  4>  .  ,  V  —  J  <f>  .  * 

a  m  jmwt  a  m  -smart 

2jS  6  6 


(3.19) 


l 


Defining  the  normalized  mth  harmonic  voltage  yields 
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and  carrying  out  the  integration  of  Eq.  3.1  yields 


J.  .  =  J  exp  Y  I v  [[cos  d)  -  cos  (majt  +  d>  )] 

inj  co  £  '  am1  vm  ym 


CO  /  oo 

=  J  exp  y  [v  |  cos  *  exo  -  y  |v  |(cos  m^t  +  <*>  ) 

co  L.  am  ^  '  am1  vm 

lm=l  ^  m=l  1 

(3.21) 

This  series  expansion  fully  describes  the  dc  current  as  well  as  har¬ 
monic  current  components.  It  can  be  seen  that  the  dc  current  density 

can  be  made  independent  of  v  ,  if  the  diode  is  biased  using  a  con- 

am 

stant  current  source.  Based  on  the  preceding,  the  oscillation 
equation  (Eq.  3.15)  can  be  rewritten  as  follows: 


(3.22) 


where  X=(u>2/w2)  is  the  square  of  the  ratio  of  the  fundamental 

3. 

frequency  to  the  avalanche  resonant  frequency  to  =  /2a'J,  e/v  . 

3.  CLC  S 

It  is  assumed  that  the  diode  is  terminated  by  an  external  circuit  with 

the  impedance  Z  and  is  required  to  operate  at  the  frequency  oj.  For 

a  small  dc  current  density,  the  total  resistance  of  the  oscillator 

circuit  is  positive,  so  no  oscillation  will  occur.  If  the  dc  current 

density  is  increased  to  a  certain  value  J,  ,  the  device  negative 

dcs 

resistance  becomes  eaual  to  the  load  resistance  and  the  oscillation 


process  will  b< 


ei,  This  is  a  start-oscillation  condition 


and,  correspondingly,  the  oscillation  signals  are  small  in  magnitude. 

For  the  case  m  =  1,  b  =  -  v  ,  which  im.rlies  that  p 

’  i  ax’  -  l 

definition  of  p  leads  to  the  following  equations: 


is  real.  The 


+  (R  +  R  )  cot 


S  OJ  “ 


U)C,A(R  +  R  )  9/2 

d  s  ci  d 


Since  p  is  related  to  the  dc  current  density,  the  required  dc  current 
density  for  achieving  the  preceding  condition  is 


mmC,A(R  +R  )  9_/2 

d  s  ci  d 


(3.25) 


To  start  oscillation  at  the  fundamental,  second-  and  third- 
harmonics  simultaneously,  the  following  condition  can  be  derived 
assuming  that  pm  is  real  and  positive  (<J>  =  0  or  l8o  degrees)  and 

also  that  there  is  no  interaction  among  these  signals.  At  J^c  = 

and  at  the  fundamental  frequency,  the  circuit  impedance 

at  the  harmonics  should  be  chosen  in  such  a  way  that  the  corres¬ 
ponding  p^  is  greater  than  m2pi.  In  other  words,  this  requires 


/-me  -I  <2.  me, /l 

Xcm  =  mwCA  +  (RS  +  RcJ  COt  T  +  ^  - ~^7T  (3'26: 

a  sir.2  M 

L  i  2  ii 


1  +  — „  :■  u — r  — =  m2X 


ma)C,A(R  +  R  )  m0,/2 


(3.27) 


%  .  "S. 


I 
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I 


Substituting  Eq.  3.2U  into  Eq.  3.27  and  assuming  that  raw AC 

d 

is  much  smaller  than  one  yields 


(R 

s 


+  R  ) 


cm 


<  Rci  C°s2  [(9d/2)/U]  -  RC2 

*  s  1  -  cos'1  (e,/2)/U 

d 

and 


R 

Cl 

1  -  sin2  (6d/2)| 

/9  -  R 

C  3 

1 

-  1  -  sin2  (0  /2)' 

l  3  d  J 

2/9 

Since  R^  is  positive,  the  following  must  hold: 


and 


R 

C  2 


=  R  cos2  (0  /2)/!+ 
cl  d 


R 

C  3 


-  sin2  (6d/2) 


79 


(3.28) 


(3.29) 


(3.30) 


(3.31) 


As  a  result,  the  loading  condition  for  harmonics  cannot  be  chosen 
arbitrarily.  Considering  that  the  diode  has  a  transit  angle  0d  of 
0.7^  at  the  fundamental  frequency,  the  load  resistance  at  the  second 
and  third  harmonics  must  satisfy  the  following  condition: 


R  =  0.0!+  R 

c  2  ci 

and 

R  =  0.0017  R 

C  3  Cl 

The  above  lead  to  the  following  condition 

R  =  0.0017  R 

s  ci 


(3.32) 


(3.33) 


(3.3!+) 


The  noninteraction  between  the  fundamental  and  harmonic  signals 
results  in  the  requirement  of  a  very  small  circuit  resistance 


presented  at  harmonics  for  the  start  of  oscillation.  This  is  not, 
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however,  easy  to  facilitate  in  practice.  If  the  fundamental  signal 

is  increased,  the  interaction  between  the  signals  cannot  be  neglected 

and  a  significant  improvement  in  the  load  resistance  at  the  harmonics 

will  be  nossible.  Now,  the  relationship  between  v  and  the  load 

am 

resistance  will  be  derived.  It  is  assumed  that  p  is  real.  The 

m 

real  p  imnlies  that  v  is  also  real.  By  proper  design  of  the 
m  am 

external  circuit,  v  can  be  made  sufficiently  large  in  magnitude, 

ai 

compared  to  the  values  of  v  and  v  .  A  Taylor  series  expansion  for 

a2  a  3 

Eq.  3.21  results  in  the  following  set  of  equations: 


(3.35) 

(3.36) 

(3.37) 


Neglecting  the  higher-order  terms  in  the  preceding  equations  results 
in  the  following  approximate  equations: 


(3.38) 

(3.39) 

(3.^0) 


For  a  given  frequency  and  load  resistance,  the  preceding  equations 

can  be  solved  for  v  .  For  the  diode  shown  in  Fit.  3.1  with  J,  = 

am  dc 

1256  A/cm2,  f,  =  23  GHz  and  R  =  0  1 ,  the  solution  for  v  at  a 
1  s  am 
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certain  load  condition  is  presented  in  Fig.  3.2.  It  can  be  seen 

from  that  figure  that  as  long  as  R  is  not  too  small,  v 

(negative)  is  several  orders  of  magnitude  smaller  than  v  and 

ai 

v  .  Therefore,  the  terms  in  Eqs.  3.38  and  3.39  associated  with 
a2 

v  can  be  neglected  which  leads  to  an  explicit  expression  for  v 
ci  3  am 

in  terms  of  p  ,  namely, 
m 


(3.H) 


and 


2(1  -  IX  /p  ) [  1  -  (X  /p  )] 
2  _  _ S  2 _ S  I 

Vai  lXs/p2 


(3.U2) 


v 

aa 


v  v 
a2  ai 


1  -  9Xs/Pi 


(3.U3) 


Since  p  is  assumed  to  be  slightly  greater  than  X  ,  Eq.  3.ll  implies 
X  s 

that  v  should  be  positive.  From  Eq.  3.l2  the  real  -value  of  v 

can  be  obtained  only  if  pz  -  lXg  =  0.  According  to  Eqs.  3.2l  and  3.27 

this  leads  to  the  condition  that  R  =  O.Ol  R  ,  which  explains 

C  2  Cl 

the  choice  of  =  0.02  Q  value  in  this  example  presented  for 

solving  v  .  For  positive  values  of  v  ,  v  becomes  negative  if 
°  am  ai  a 3 

R  is  large, 
c  3 

In  conclusion,  for  a  real  and  positive  p  ,  nonvanishing  solu¬ 
tions  of  v  at  small-signal  conditions  can  exist  only  for  certain 
am 

load  conditions.  For  a  complex  p  ,  it  is  not  feasible  to  determine 

an  analytic  form  of  solution  for  v  .  By  reducing  R  or  increasing 

am  ci 

J,  ,  v  will  increase  rapidly  and  the  range  of  large-signal 
dc  ai 


operation  is  entered. 


3.k  Stability  Conditions  for  Three-Frequency  Operation 


The  stability  is  essential  in  designing  a  negative-resistance 
oscillator.  For  a  single-frequency  oscillator,  the  stability 
criterion  is  formulated  as  (3R  /3V)(3X  /3to)  -  (3X /3V)(3R  /3co)  >  0. 
In  the  simplest  case  where  the  device  has  a  frequency  independent 
impedance,  it  is  presented  with  a  general  external  network  being 
frequency  dependent  and  the  stability  criterion  becomes  3 | | / 3V  -  0 
which  means  that  the  negative  device  resistance  must  decrease  with 
increasing  voltage  amplitude.  For  a  multifrequency  oscillator,  the 
mutual  interaction  between  signals  and  the  circuit  coupling  at  the 
harmonic  frequencies  have  certain  effects  on  the  stability  of  the 
oscillator.  Based  on  the  work  of  Kurokawa92  and  Bates  and  Khan,93 
the  stability  criterion  required  for  multifrequency  oscillators  can 
be  formulated.  This  section  follows  their  work  in  the  derivation  of 
the  stability  criteria  for  a  general  three-frequency  IMPATT 
oscillator. 

In  general,  to  derive  the  stability  criteria,  a  small  pertur¬ 
bation  to  the  oscillation  condition  is  applied.  It  is  assumed  that 

the  time-varying  voltage  V  (t)  across  the  avalanche  region  is  given 

a 

by 


V  (t) 
a 


3 

y  V  sin  [to  t  +  <j>  (t )  ]  , 
S  am  m  m 

m=l 


(3.UU) 


where  to  =  moo  exists  at  the  steady  state.  The  fundamental  voltage 
ml  J 

phase  angle  <j>  is  arbitrarily  chosen  and  it  has  a  nonzero  value. 

1 

Under  the  perturbation  conditions  the  rate  of  change  of  the  phase 
angle  with  respect  to  time  is  equal  to  the  real  part  of  the  frequency 


deviation.  If  R  =  Re  (g  /v  )  +  (m2X/p  )  and  K  =  Im  (g  /v  )  + 
m  m  am  mm  m  am 

(m2X/p  ),  the  oscillation  condition  can  be  written  as 
m 

R  +  JK  =  0  .  (3.45) 

m  m 


At  a  stable  operation  point,  R  =  R  and  K  =  K  .  When  the  steady 

m  mo  m  mo 

state  oscillation  condition  is  perturbed,  i.e.,  R  and  K  can  be 
represented  by 


R  =  R  +  dR 
m  mo  m 


and 


(3.46) 


K  =  K  +  dK 
m  mo  m 


(3.47) 


then  the  corresponding  perturbation  of  the  voltage,  frequency  and 
phase  angle  are  denoted  by  <SV^ ,  uid  dtj^,  respectively.  For  a 

small  and  time  invariant  perturbation,  the  Taylor  series  expansion 
can  be  applied  to  the  oscillation  equation  (Eq.  3.45)  and  results 


in 


d(R  +  JK  ) 
m  m 


3 
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/-3R 
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3VakJ 
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l6*k 
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<Su>, 


(3.48) 


This  equation  is  not  valid  if  the  perturbation  is  time  dependent 
since  the  signal  components  cannot  be  defined  explicitly.  If  the 
oscillation  is  nearly  at  the  steady-state  condition,  the  Fourier 
analysis  can  be  applied  for  expressing  the  oscillating  signals. 
Under  this  nearly  steady-state  condition,  <$V  ,  <5u,  and  <S <f>,  are 

cLK.  K 


small  time-varying  functions.  To  study  the  stability  criterion, 


Bates  and  Khan92  extended  Kurokawa's  work  to  include  the  6V 
6<J)  to  6oj  perturbations  in  the  following  way: 

K  K.  ^ 


ak 


and 


6 

and  assumed  that 
perturbations . 


“k 


d(  5<J>k  ) 
dt 


-  J 


ak 


a(iV 

dt 


(3.U9) 


=  kto1  is  still  held  under  small  time-varying 
Using  the  preceding  relationship  yields 


<i(<54>k) 

dt 


a(iV 

dt 


•d(6A)  ,  d(  6V  )\ 

_ 1  ,  -L  _ 3.  X 

dt  -  3  T~  dt  ' 
ai 

(3.50) 


Equating  the  real  and  imaginary  parts  of  Eq.  3.50  and  integrating 
them  with  respect  to  time  yields 


and 


6<t>k  “  +  ak 


SVaH  V  6V*‘  *  * 

ak  ai 


(3.51) 


(3.52) 


where  a  and  b  are  integration  constants  and  a  ,  b  are  both  zero. 
K.  K  11 

Defining  6V  =  ( <5V  /V  )  and  substituting  Eqs.  3.51  and  3.52 

£LK  6LK.  SLrw 

into  Eq.  3.50  results  in 
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m 


3K 
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ak 


3V 
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3K 
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3R 
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3uj, 
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dt 
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d(5Vak> 


dt 


=  0 


(3.53) 


Since  the  operating  point  is  independent  of  the  choice  of  the 
reference  fundamental  voltage  phase  angle  $  ,  it  is  required  that 


By  using  the  preceding  relations,  Ea.  3.53  "becomes 
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3R  9K 
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fd(6*1)  d(6Vai)} 


dt 


-  J 


dt 


=  0  .  ( 


Equating  the  real  and  imaginary  parts  to  zero  results  in 
3  9R  3  3K  d(6V  )  3  9R  d(S  <p  ) 

y  k_JS_5v  -  T  -£  — +  l 
k=l  av  al  k=l  9wk  dt  k=l  9wk 

ak 


dt 


3  3R  3  3R 

+  7  av  +  7  bv  =  0 

k=i  9<ht  k  k=i  av  k 

cLK 


and 


3  9R  d(5V  )  3  9K  d(fi*  ) 

v  _ E  k  ai  +  y  _ S  k  1 

k-1  9V  .  al  k=l  H  dt  1 
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dt 


9K 
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m 
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9  <Pk  ak 

k=1  9Vak 

=  0  .  ( 


Since  a^  and  b  are  both  zero,  the  preceding  equations  for  m  = 


3.56) 

3.57) 

3.58) 

1  to  3 


consist  of  seven  independent  variables.  It  is  possible  to  solve  them 


in  terms  of  d(6V  )/dt.  Thus 
ai 


SV  =  y 
ai 


d(6V  ) 
ai 


(3.59) 


where  y  =  det—  /det—  and  M  is  represented  by  the  following  matrix: 
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where  (dR  /dco  )  =  I  k  ( 3R  /3co.  )  and  (dK  /dm.)  =  )  k  (3K  /dco  ).  Matrix 
m  l  **  mk  m  1  u  mk 

Mg  can  be  obtained  by  replacing  the  first  column  of  matrix  by 
the  following  column  vector 
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The  stability  of  oscillation  requires  that  the  <5V  decrease  with 

61K 

time,  i.e.,  y  <  0.  The  value  of  y  is  dependent  on  the  mutual  effect 
between  the  signals,  which  is  not  significant  as  long  as  the 
depletion-layer  modulation  effect  is  not  included  in  the  model  used 
here.  The  case  where  the  fundamental  voltage  is  relatively  high  but 
does  not  drive  the  diode  into  depletion-layer  modulation  is  consid¬ 
ered.  The  harmonic  signals  have  a  very  small  effect  on  R  and  K^. 

Hence  the  terms  associated  with  the  differentiations  of  R  and  K 

1  l 

with  respect  to  V  .  V  a  and  a  can  be  neglected  and  matrix 
a2  a3  2  y3 
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The  same  approximation  can  also  be  applied  to  matrix  M^.  Then 
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Y  is  found  to  be 
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Since  the  numerator  in  Eq.  3.60  is  always  positive,  this  implies  that 
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ai 


The  stability  criterion  derived  here  is  the  same  as  that  for  a 
single-frequency  oscillator.  When  the  definitions  of  R  and  J  are 
used,  the  stability  criterion  becomes 
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d  T 

—  Im 
dco 


_3 
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ai 
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(3.62) 


This  stability  criterion  states  that  for  a  nonlinear  device  having 
a  neglible  effect  of  harmonic  signals  on  the  fundamental  signal,  the 
fundamental  frequency  circuit  determines  the  overall  stability  of  the 
oscillator.  Although  it  is  known  that  the  effect  of  the  harmonic 
signals  on  the  fundamental  signal  always  exists,  the  fundamental 
frequency  circuit  still  plays  an  important  role  in  the  oscillator 
stability  criterion.  If  the  dicde  is  operated  under  the  depletion- 
layer  modulation  condition,  the  stability  criterion  is  not  uniquely 
determined  by  the  fundamental  frequency  circuit.  It  is  determined 
by  the  sign  and  magnitude  of  the  coupling  terms  in  matrices 
and  M^. 
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3.3  Large-Signal  Analysis 

In  this  section  the  performance  of  the  diode  at  the  third 
harmonic  under  large-signal  operation  and  different  loading  conditions 
is  discussed.  Also,  the  series  resistance  effect  is  investigated  in 
order  to  determine  the  optimum  loading  condition  for  operation  at 
the  third-harmonic  frequency. 

3.3.1  Single-Frequency  Operation.  In  order  to  calculate  the 

Fourier  components  of  the  injected  current  J  .  in  the  presence  of 

inj 

three  harmonically  related  signals,  Eq.  3.21  should  be  expanded  in 
terms  of  modified  Bessel  functions  of  the  first  kind  1^.  Applying 
the  following  identity 
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yields  the  injected  current 
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where  I  ( —  fv  I)  =  -  ini  (fv  J)  and  I  =  I  .  Equating  the  terms 
n  am  n  am  -n  r. 

with  the  same  frequency  on  both  sides  of  Eq.  3.6U  yields 
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and 
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(3.66) 


Since  it  has  been  shown  that  v  and  v  are  small  in  magnitude, 

3. 2  3.  3 

compared  to  the  fundamental  voltage  v  ,  the  higher-order  terms  of  the 

cl  1 

Bessel  functions  of  the  first  kind  become  negligible,  which  leads  to 

simplification  of  the  b  coefficient.  Therefore,  for  the  convenience 

m 

of  calculation,  only  the  terms  corresponding  to  |p|  =3,  |q|  =1  and 
[ r |  =1  have  been  retained.  In  the  following  numerical  example 
related  to  the  mutual  effects  between  the  harmonics,  the  fundamental 
frequency  has  been  chosen  to  be  equal  to  23  GHz.  By  specifying  v 

am 

and  <(>  ,  the  diode  admittance  has  been  calculated.  For  investigation 
m 

of  loading  effects  on  the  third-harmonic  power  generation,  the  Newton- 

Raphson  method  was  adopted  to  solve  the  three-frequency  oscillation 

conditions.  The  amnlitude  of  V  must  be  checked  out  to  ensure  that 

am 

it  will  satisfy  the  approximation  described  previously.  The  diode 
parameters  used  in  the  calculation  were  the  same  as  those  used  for 
the  small-signal  analysis. 

The  output  power  at  the  fundamental  and  the  Fourier  components 
of  the  induced  current  calculated  from  the  analytic  model  described 
previously  are  shown  in  Figs.  3.3  and  3.^.  Also  shown  in  both 
figures  are  the  results  of  the  computer  simulation  for  the  GaAs 
i.;uble-F.ead  liode  carried  out  in  Chapter  II.  At  low  RF  voltages,  the 
results  calculated  from  both  the  analytic  model  and  computer 
simulation  are  in  good  agreement.  At  high  voltages,  the  fundamental 
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FIG.  3.3  COMPARISON  FOR  THE  FUNDAMENTAL  OUTPUT  POWER 

BETWEEN  THE  ANALYTIC  MODEL  AND  THE  COMPUTER 

SIMULATION  IN  SINGLE- FREQUENCY  OPERATION  AT 

f  =  23  GHz  AND  J_  =  1256  A/cm2. 
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current  and  power  calculated  from  the  analytic  model  are  higher  than 
those  obtained  from  computer  simulation.  It  is  known  that  the  analytic 
model  is  simplified  and  does  not  take  into  account  the  back  bias  and 
space-charge  effects,  which  tend  to  retard  the  build-up  of  the  in¬ 
jected  current  with  increasing  RF  voltage  level.  This  means  that 
the  analytic  model  somewhat  overestimates  the  fundamental  current 
and  power.  Also  the  depletion-layer  modulation,  which  is  not  easy 
to  incorporate  into  an  analytic  model,  brings  down  the  fundamental 
current  and  power  significantly  at  extremely  high  RF  voltages  and 
causes  a  large  discrepancy  between  the  calculated  results  of  the 
analytic  model  and  computer  simulation. 

The  harmonic  components  of  the  induced  current  obtained  from 
either  the  simplified  analysis  or  computer  simulation  are  small  in 
magnitude  compared  with  the  fundamental  current  component.  Good 
agreement  in  harmonic  components  between  both  calculations  can  be 
observed  until  the  depletion-layer  modulation  effect  sets  in.  It 
can  be  said  that  the  space-charge  and  back-bias  effects  do  not 
degrade  seriously  the  harmonic  current  generation  of  the  GaAs 
double-Read  diode.  If  the  depletion-layer  modulation  is  negligible, 
the  analytic  model1  gives  fairly  good  quantitative  results  for  harmonic 
power  calculation.  For  further  investigation  of  multifrequency 
operation,  the  magnitude  of  the  fundamental  voltage  signal  component 
is  assumed  to  be  less  than  30  V  in  order  to  ensure  that  the  depletion- 
layer  modulation  will  not  occur. 


3.5.2  Mutual  Interaction  Among  Harmonic  Signals.  The  inter¬ 


action  among  the  harmonically  related  signals  will  affect  the  diode 
admittance  and  the  RF  power  output  at  each  signal  frequency.  The 
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achievable  admittance  level  is  important  for  the  design  of  an  oscillator. 
The  interaction  among  harmonics  can  be  qualitatively  understood  by  the 
fact  that  the  change  in  the  RF  voltage  waveform  across  the  avalanche 
region  due  to  the  presence  of  the  harmonic  voltage  will  modify  the 
shape  of  the  injected  current  waveform.  Hence,  the  harmonic  current 
content  in  the  injected  current  is  subject  to  modulation  with  the 
harmonic  voltage.  According  to  Eq.  3.66,  the  effect  of  harmonic 
voltage  on  the  harmonic  current  is  dependent  on  not  only  its  phase 
angle  but  also  on  its  normalized  amplitude.  In  other  words,  a  higher- 
order  harmonic  voltage  has  less  effect  on  the  harmonic  current  gen¬ 
eration  of  the  diode.  The  presence  of  a  low-order  harmonic  voltage 
seems  to  be  useful  for  improving  the  high-order  harmonic  current 
generation.  The  improvement  depends  on  the  relative  phase  angle  and 
amplitude  of  the  additional  harmonic  voltage.  The  device  admittance 
in  the  presence  of  harmonic  signals  is  discussed  next. 

First,  the  effect  of  the  second-harmonic  voltage  on  the  device 
harmonic  admittance  is  discussed.  Figure  3.5  shows  the  device  har¬ 
monic  admittance  at  V  =  3.5  V,  V  =  0.375  V  and  <f>  =0  degrees. 

ai  a3  3 

As  the  second-harmonic  voltage  phase  angle  <(>  varies  from  0  to  360 

degrees,  the  locus  of  the  second-harmonic  admittance  on  the  G-B 

plane  moves  in  a  clockwise  direction  and  forms  a  loop.  For  each 

V  ,  the  second -harmonic  conductance  reaches  its  most  negative  value 
a2 

around  180  degrees  and  its  most  positive  value  around  0  degrees. 

This  indicates  that  <j>  should  be  chosen  close  to  180  degrees  in 
order  to  maintain  the  diode  in  the  active  mode.  As  the  second- 
harmonic  voltage  decreases,  the  admittance  loop  becomes  larger  in  size. 
This  property  guarantees  the  second-harmonic  power  generation  for 


any  load  condition  with  a  positive  circuit  resistance  at  the 

second-harmonic  circuit,  as  long  as  the  oscillator  can  maintain 

the  fundamental  signal  at  a  certain  level. 

The  influence  of  the  second-harmonic  voltage  on  the  third- 

harmonic  admittance  can  also  be  seen  from  the  characteristics  shown 

in  Fig.  3-5.  The  locus  of  the  third-harmonic  admittance  on  the  G-B 

olane  moves  in  a  counterclockwise  direction  as  <f>  increases  from  0  to 
*  2 

360  degrees.  It  is  clear  from  the  figure  that  a  higher  second-harmonic 

voltage  causes  a  significant  variation  in  the  third-harmonic  admittance. 

This  admittance  goes  to  its  most  negative  value  at  <j>  close  to  90 

degrees.  In  other  words,  a  proper  choice  of  4>  can  improve  the  third- 

harmonic  admittance  to  some  degree  and  also  enhances  the  third- 

harmonic  power  since  the  power  is  equal  to  -  (l/2)G^3V^  (V3  is  the 

terminal  third-harmonic  voltage  which  is  proportional  to  V  ).  When 

<t>3  approaches  90  degrees,  as  shown  in  Fig.  3.6,  the  negative  third- 

harmonic  conductance  is  enhanced  and  reaches  its  highest  value  around 

<J>2  =  180  degrees.  However,  the  variation  in  the  third-harmonic 

admittance  with  voltage  V  is  reduced.  This  means  that  the  interaction 

a2 

between  the  harmonic  signals  is  not  as  strong  as  in  the  previous  case. 

The  loci  of  the  second-harmonic  admittance  on  the  G-B  plane 

have  a  small  variation  due  to  the  increase  of  the  third-harmonic 

voltage  phase  angle  compared  with  those  in  the  previous  case.  It 

should  also  be  mentioned  that  the  fundamental  admittance  is  subjected 

to  a  small  change  when  the  harmonic  voltage  is  varied.  This  change 

becomes  much  smaller  for  a  smaller  second-harmonic  voltage. 

The  effects  of  the  third-harmonic  voltage  on  the  harmonic 

admittance  is  shown  in  Figs.  3.7  and  3.8  for  V  =  3.5  V,  V  =  0.5  V 

3i  a.  2 
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and  4>  =  180  and  60  degrees,  respectively.  It  can  be  seen  in 

Fig.  3.7  that  for  <f>2  =  180  degrees,  the  locus  of  the  third-harmonic 
on  the  G-B  plane  moves  in  the  clockwise  direction  as  <j>3  increases  from 
0  to  360  degrees,  but  the  second-harmonic  admittance  locus  moves  in 
the  opposite  direction.  A  decrease  in  the  third-harmonic  voltage 
amplitude  will  enlarge  the  third-harmonic  admittance  loop.  In  compari 
son  with  the  previous  two  figures  it  can  be  found  that  the  third- 
harmonic  voltage  has  a  smaller  effect  on  the  second-harmonic  than 
vice  versa.  The  reason  is  related  to  the  inverse  dependence  of  the 
normalized  harmonic  voltage  across  the  avalanche  region  on  the  har¬ 
monic  number.  It  can  be  found  that  for  each  V  ,  the  optimum  third- 

8. 3 

harmonic  voltage  phase  angle  to  achieve  the  maximum  negative  third- 
harmonic  conductance  is  approximately  90  degrees. 

As  <f i  is  changed  to  60  degrees,  a  significant  change  in  both 
harmonic  admittances  can  be  seen  from  Fig.  3.8.  The  mutual  influence 
between  the  harmonics  is  reduced  in  strength  in  this  case.  The 
second-harmonic  conductance  goes  to  zero  at  the  two  different  values 
of  <f>3  close  to  180  and  300  degrees,  respectively.  The  corresponding 
negative  third-harmonic  conductance  is  less  than  its  maximum  value. 
This  will  yield  small  third-harmonic  power  generation.  In  other 
words,  a  reactive  loading  at  the  second  harmonic  is  not  necessarily 
good  for  an  efficient  third-harmonic  power  generation.  In  addition, 
when  the  negative  third-harmonic  conductance  reaches  its  maximum 
value,  the  second-harmonic  conductance  may  become  positive.  Hence, 
active  mode  operation  may  not  be  maintained. 


Signals.  In  the  analysis  presented  here  for  a  third-harmonic  power 


generation  from  a  self-oscillating  IMPATT  diode,  the  second-harmonic 
signal  will  he  treated  as  an  idler.  Proper  design  of  the  second- 
harmonic  signal  can  ensure  optimum  conditions  for  third-harmonic 
power  generation.  In  order  to  consider  the  effects  of  the  second- 
harmonic  circuit  on  the  third-harmonic  power  generation,  <J>3  is 
kept  constant  at  90  degrees  since  this  results  in  a  maximum  negative 
third-harmonic  conductance.  The  power  calculated  from  this  condition 
is  believed  to  be  close  to  the  maximum  value.  In  the  following  cal¬ 
culation,  V  is  chosen  to  be  0.1  and  0.375  V.  It  is  noted  that  for 

a3 

these  values  of  V  ,  the  negative  third-harmonic  resistance  is 

3. 3 

usually  small  in  magnitude. 

Reactive  loading  at  the  second  harmonic  can  be  accomplished 

by  adjusting  $  in  such  a  way  that  the  second-harmonic  conductance 

is  zero  at  a  given  value  of  V^.  It  is  apparent  that  the  condition 

for  the  zero  second-harmonic  conductance  occurs  at  two  different  values 

of  <J>2*  The  value  of  the  corresponding  <f> ^  varies  from  30  to  90 

degrees  for  one  condition  and  from  210  to  300  degrees  for  the  other 

condition.  This  difference  in  values  creates  the  difference  in  the 

third-harmonic  power  and  impedance  level  between  the  two  conditions. 

As  shown  in  Fig.  3.9,  the  third-harmonic  power  corresponding  to  the 

first  condition  (the  solid  line  in  the  figure)  is  lower  than  that 

corresponding  to  the  second  condition  (the  dashed  line)  and  is  very 

sensitive  with  respect  to  the  second-harmonic  voltage.  The  power 

for  the  second  condition  is  not  sensitive  to  V  variation  up  to  the 

a2  * 

level  of  V  equal  to  1  V.  It  is  worth  mentioning  that  the  impedance 

3. 2 

level  for  the  first  condition  is  slightly  lower  than  that  for  the 
second  condition.  As  long  as  the  reactive  loading  at  the  second 
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FIG.  3.9  THIRD-HARMONIC  POWER  OUTPUT  FOR  REACTIVE  AND 
NONREACTIVE  LOADING  AT  THE  SECOND  HARMONIC. 


harmonic  is  concerned,  it  is  tetter  to  operate  the  diode  at  the 

second  condition.  The  nonreactive  loading  considered  here  is 

achieved  by  adjusting  the  value  of  <!>,  such  that  the  third-harmonic 

power  is  maximized  at  a  given  value  of  V  .  This  condition  is 

am 

usually  achieved  along  with  a  level  of  second-harmonic  power  genera¬ 
tion.  The  corresponding  <j>  is  around  180  degrees.  The  third- 
harmonic  power  is  always  higher  than  that  of  the  reactive  loading 
condition  and  shows  an  increase  with  V  .  In  addition  to  the  power, 
the  third  harmonic  impedance  level  for  this  loading  is 
slightly  higher  than  that  of  the  previous  case.  Hence,  in  terms  of 
the  power  and  third-harmonic  impedance  level,  the  nonreactive  loading 
condition  is  more  advantageous  than  the  reactive  loading  condition. 

It  is  noted  that  the  difference  in  the  power  between  both  loading 

conditions  becomes  small  at  small  V  .  It  is  obvious  because 

a2 

interaction  between  the  harmonics  is  small  at  small  V 

a2 

It  can  be  concluded  that  for  optimum  third-harmonic  power  gen¬ 
eration,  the  IMP ATT  diode  should  be  nonreactively  loaded  at  the 
second  harmonic,  and  the  second-harmonic  voltage  amplitude  should 
be  kept  as  high  as  possible  in  order  to  enhance  the  third-harmonic 
power  generation.  Since  the  model  does  not  include  the  effects  of 
depletion-layer  modulation,  reactive  loading  at  the  fundamental  is 
physically  impossible  to  attain  except  by  adding  a  series  resistance 
which  causes  an  undesirable  effect  in  the  RF  output. 

3.5.^  Optimum  Loading  for  Third-Harmonic  Power  Generation 
Including  the  Effect  of  Series  Resistance.  Circuit  realization  is 
important  for  the  design  of  an  IMPATT  diode  oscillator  to  generate 
third-harmonic  power.  The  operating  point  should  be  chosen  in  such 


a  way  that  the  corresponding  negative  device  resistance  at  each 
signal  is  high  in  magnitude.  A  high  negative  third -harmonic  resis¬ 
tance  can  be  achieved  with  a  small  third-hamcr.ic  voltage  amplitude 
because  of  small  third-harmonic  current  amplitude.  This,  in  turn, 
will  reduce  the  third-harmonic  power  generation.  In  addition  to 
this,  the  series  resistance,  which  always  exists  in  a  practical  diode, 
can  introduce  further  degradation  of  the  diode  third-harmonic  newer 
generation  capability.  Hence,  the  achievable  third-harmonic  power 
is  limited  by  the  circuit  realization  and  the  series  resistance  of 
the  diode.  The  optimum  loading  condition  including  these  is  dis¬ 
cussed  next. 

In  order  to  determine  the  diode  power  performance  for  a  given 

load  circuit,  the  voltage  V  across  the  avalanche  region  should  be 

am 

solved  from  the  oscillation  condition  given  by  Eq.  3.15.  The  equiva¬ 
lent  load  circuit  considered  here  consists  of  the  inductance  L  in 

m 

series  with  the  resistance  R  .  There  are  a  total  of  six  circuit 

cm 

elements  that  must  be  adjusted  properly  in  order  to  obtain  an  optimum 
power  operating  condition.  Since  the  device  impedance  at  the  funda¬ 
mental  frequency  remains  unchanged  at  small  harmonic  voltages,  the 
fundamental  inductance  and  load  resistance  can  be  assumed  to  be 
constant  without  loss  of  generality.  For  the  convenience  of  cal¬ 
culation,  the  inductances  (L  and  L^)  are  also  assumed  unchanged. 

The  third-harmonic  power  is  calculated  by  adjusting  only  the  load 

resistances  R  and  R  .  If  the  choice  of  L  and  L  is  prouer,  the 
C2  c  3  2  3 

calculated  third-harmonic  power  can  be  close  to  its  maximum  value. 
These  four  circuit  elements,  i.e.,  L  ,  L  ,  L  and  R  have  been 

determined  from  the  device  impedance  at  V  =  3.5  V,  V  =  0.125  V, 
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<b  =  188.5  degrees,  V  =  0.1  V  and  <j>  =90  degrees,  and  the  values 

of  these  elements  are  L  =  50.8  pH,  L =  12.057  pH,  L3  =  5.U05  pH 

and  R  =  0.3^31+8  ft . 
ci 

The  case  of  R  =  0  ft  is  considered  first.  The  calculated 
s 

third-harmonic  power  for  various  R  and  R  is  shown  in  Fig.  3.10. 

C2  C  3 

The  third-harmonic  power  indicates  a  monotonic  decrease  with  an 
increase  of  R^  due  to  the  reduction  in  magnitude  of  .  The 
operating  terminal  voltage  V,  varies  from  1.5  to  0.055  V  for  R  , 

3  c  3 

between  0.055  and  2  ft.  Increasing  V  by  reducing  R  can  enhance 

8.2  C  2 

the  third-harmonic  power.  An  average  increase  of  1.3  dB  was 

observed  for  R^2  changing  from  1  to  0.2  £2.  There  is  also  little 

change  of  power  at  the  fundamental  frequency  if  R  ^  and  R^  are 

varying.  The  power  at  the  fundamental  was  approximately  3  W.  If 

the  minimum  realizable  circuit  resistance  is  0.2  ft,  then  the 

optimum  third-harmonic  power  for  R^  =  Oft  is  U.06  mW  (6.08  dBm), 

which  is  much  smaller  than  that  predicted  from  the  calculation 

obtained  from  computer  simulation.  The  discrepancy  is  due  to 

neglecting  the  depletion-layer  modulation  effect. 

Now,  the  effects  of  the  series  resistance  R  are  taken  into 

s 

account  with  no  change  of  the  circuit  element  values.  The  values 
of  the  Sv_r^es  resistance  were  chosen  to  be  0.1,  0.15  and  0.2  ft. 

The  presence  of  the  series  resistance  R^  will  lower  the  magnitude 
of  the  operating  fundamental  voltage.  As  a  result,  the  harmonic 
current  is  reduced  and  the  interaction  effect  among  signals  becomes 
weak.  In  addition,  only  the  part  of  the  useful  power  that  is 
orouortional  toR  /(R  +R  )  is  delivered  to  the  load.  If  R 

‘  C3SC3  C3 

is  much  smaller  than  R^,  then  most  of  the  useful  power  will  dissipate 
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3.10  OUTPUT  POWER  AT  THE  THIRD-HARMONIC  FREQUENCY  (~  69  GHz) 

OBTAINED  AT  R  =  0  Q  FOR  DIFFERENT  HARMONIC  LOAD 
s 

RESISTANCES.  (R  =  0.2  AND  1  Q  AND  R  =  0.1  TO  2  a) 


in  the  series  resistance  and  the  actual  output  power  will  be  reduced 

significantly.  For  R  much  larger  than  R  ,  the  series  resistance 

C  3  S 

will  absorb  very  little  of  the  useful  power.  Figure  3.11  shows  the 
third-harmonic  power  obtained  at  R  =  0.2  !1  for  different  values  of 

C  2 

R  .  The  third-harmonic  power  has  its  maximum  between  R  =0.1  and 
s  c  3 

0.2  ft.  The  peak  value  of  the  third-harmonic  power  drops  from  0.48 

mW  (-  3.18  dBm)  at  R  =  0.1  ft  to  17  uW  (-  17. 5  dBm)  at  R  =  0.2  ft. 

s  s 

The  corresponding  fundamental  frequency  has  1-percent  variation  around 
23  GHz,  but  the  fundamental  power  is  reduced  from  1.35  to  0.417  W. 
Similarly,  the  operating  fundamental  voltage  shifts  from  20.7  to 
11.8  V.  The  shift  in  fundamental  voltage  is  responsible  for  the  drop 
of  the  third-harmonic  power.  If  the  fundamental  voltage  remains  un¬ 
changed,  the  third-harmonic  power  is  degraded  approximately  by  the 
factor  of  R  / ( R  +  R  ).  When  the  total  resistance  R  +  R  is 

C3SC3  SCI 

kept  equal  to  0.34348  ft,  the  terminal  voltage  V  can  be  maintained 

t 

at  30.8  V  (or  equivalently,  V  =  3.5  V).  The  output  power  cal- 

ai 

culated  from  the  analytic  model  is  shown  in  Fig.  3.12.  The  results 
obtained  indicate  that  there  is  some  improvement  in  the  third-harmonic 
power  generated.  When  reactive  loading  at  the  fundamental  is  con¬ 
sidered  with  R  =02  and  R  =  0.34348  ft,  without  changing  the 
c  1  s 

inductances  (L  ,  L  and  L  are  the  same  as  before),  the  calculated 
12  3 

third-harmonic  output  power  obtained  is  shown  in  Fig.  3.12.  Com¬ 
pared  with  Fig.  3.11,  an  observable  improvement  in  the  third-harmonic 
power  can  be  noted.  The  highest  third-harmonic  power  at  this  condition 
is  0.487  mW  with  R  =  0.4  ft. 
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FIG.  3-11  THE  EFFECT  OF  SERIES  RESISTANCE  ON  THIRD- HARMONIC  POWER 


OUTPUT  AT  R  =0.2(1. 
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FIG.  3.12  THIRD-HARMONIC  POWER  OUTPUT  FOR  R  +  R  =  0.3^38  n 


3.6  Conclusions 

The  calculations  using  an  analytic  model  for  determining  the 

third-harmonic  output  power  P3  from  the  IMPATT  diode  under  ideal 

conditions  (R  =  0  !l)  were  presented  and  compared  with  the  calculated 
s 

values  of  P3  obtained  from  computer  simulation.  It  can  be  concluded 
that  the  depletion- layer  modulation  is  primarily  involved  in  the 
harmonic  diode  operation  and  high  harmonic  power  generation.  The 
calculations  have  indicated  that  the  presence  of  a  second-harmonic 
signal  can  improve  the  third-harmonic  power  generation,  but  this 
improvement  is  not  very  significant.  In  order  to  enhance  the  third- 
harmonic  power  generation,  the  diode  should  operate  at  a  high  level 
of  fundamental  voltage.  However,  the  presence  of  series  resistance 
reduces  significantly  the  fundamental  voltage  and,  therefore ,  the 
third-harmonic  current  is  also  reduced.  Consequently,  the  third- 
harmonic  power  drops  to  a  very  small  value.  It  can  be  concluded  that 
the  series  resistance  should  be  kept  as  small  as  possible  to  preserve 
the  high  level  of  third-harmonic  power  generation. 


CHAPTER  IV 


MEASUREMENT  OF  HARMONIC  POWER  GENERATION  IN  IMPATT  DIODES 

4.1  Introduction 

The  importance  of  harmonic  operation  of  an  IMPATT  diode 

oscillator  has  been  recognized  since  its  invention.  Most  of  the 

vork  on  harmonic  operation  was  oriented  toward  improving  the  RF 

power  at  the  fundamental  frequency  employing  the  harmonic  tuning 

effect.  Several  experimental  results  related  to  the  power  generation 

at  harmonic  frequencies  have  also  been  reported.  Using  a  Harkless 

oscillator  circuit  (i.e.,  Kurokawa  oscillator  circuit),  Allen  et  al.94 

obtained  second-harmonic  power  of  1  mW  and  fundamental  power  of 

100  mW  at  a  fundamental  frequency  of  7.8  GHz.  Ohmori  et  al.95 

obtained  second-harmonic  power  of  0.8  mW  and  fundamental  power  of 

9  mW  at  f  =  22.5  GHz.  These  results  have  been  extrapolated  from 

the  figures  published  in  References  94  and  95 .  Bowman  and  Muller96 

obtained  P  =  1  mW  at  f  =  l4o  GHz  and  P  =  160  mW  at  f  =  68  GHz 
2  2  11 

for  a  Si  diode.  Birch97  reported  =  4.5  uW,  P2  =  0.5  mW  and 
P.^  =  20  mW  at  f  =  100  GHz  .  All  of  these  results  indicate  that  the 
power  generated  at  harmonic  frequencies  is  at  least  10  dB  below  the 
level  of  the  fundamental  power.  The  purpose  of  this  study  was  to 
investigate  the  possibility  of  RF  power  generation  from  Si  and  GaAs 
diodes  under  the  pulsed  mode  operating  condition,  to  design  a  prac¬ 
tical  oscillator  circuit  for  harmonic  power  generation,  and  to 
compare  the  experimental  results  with  those  obtained  from  computer 
simulation.  The  Harkless-type  oscillator  was  designed  for 


measurement  of  the  RF  power  generation  from  IMPATT  diodes  operated 


at  a  single  frequency.  For  measurement  of  harmonic  power,  two-  and 
three-waveguide  oscillator  circuits  were  designed  in  order  to  produce 
an  independent  tuning  for  each  harmonically  related  signal. 


b.2  C-V  Characteristics  of  the  Diode  Under  Test 

A  C-V  profiling  technique  was  applied  to  packaged  Si  and 
GaAs  diodes  in  order  to  determine  the  diode  doping  profile.  This  is 
important  information  to  help  establish  the  most  suitable  diode 
oscillator  circuit  for  harmonic  signal  operation.  The  basic  equation 
relating  a  diode  doping  profile  to  the  measured  C-V  data  is  given 
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where  xn  and  x^  are  the  positions  of  the  depletion  layer  edges  in  the 
n-  and  p-sides  of  the  diode  and  C^  is  the  package  capacitance.  For 
a  uniformly  doped  structure,  the  C-V  profiling  technique  employing 
Shockley's  depletion  layer  approximation  can  evaluate  accurately  the 
doping  concentration  for  the  one-sided  diode  and  the  effective  doping 
concentration  for  a  double-sided  diode.  However,  this  technique  gives 
poor  accuracy  within  the  region  where  the  doping  changes  rapidly. 

In  order  to  determine  the  effective  doping  profile,  the  diode 


diameter  must  be  measured.  The  GaAs  diodes  used  have  four -mesa 


structures  and  each  mesa  has  a  diameter  of  TO  pm  to  approximately 


72  pm.  The  Si  diodes  used  have  single-mesa  structures  and  the 
mesa  diameter  is  approximately  88. 4  pm.  The  package  capacitance 
is  0.45  pF  for  the  GaAs  diodes  and  0.18  pF  for  the  Si  diodes. 

This  information  yields  the  effective  doping  profile  along  with  the 
C-V  characteristics  that  are  plotted  in  Fig.  4.1.  It  has  been 
observed  that,  under  the  presence  of  a  small  and  finite  value  of 
conduction  current  at  the  point  of  junction  breakdown  and  also  the 
forward  bias  conditions,  the  capacitance  meter  used  was  not  suffi¬ 
ciently  accurate.  The  calculations  of  effective  doping  profile  showed 
that  the  Si  diode  has  a  single  drift  uniform  doping  structure  with  an 
average  doping  concentration  of  approximately  6  x  10 16  cm-3,  an  average 
diode  length  of  approximately  0.8  pm,  and  is  nonpunch  through  with  a 
breakdown  voltage  of  approximately  28  V.  The  measurements  obtained 
showed  that  the  GaAs  diode  is  a  double-Read- type  structure  with  a  length 
of  approximately  1.82  pm  and  is  punched  through  at  a  breakdown  voltage 
of  23  V.  The  doping  concentration  of  the  GaAs  diode  in  each  region 
could  not  be  determined  exactly  from  this  C-V  measurement. 

4.3  Measurement  of  RF  Power  Generation  in  Single- Frequency 
Operation 

A  Harkless-type  oscillator  circuit  was  used  for  power  measurement 
at  the  fundamental  frequency.  The  oscillator  circuit  construction  and 
measurement  setup  are  shown  in  Fig.  4.2.  The  circuit  consists  of  a 
TEM-type  coaxial  line  coupled  to  a  rectangular  waveguide  (WR-42).  The 
diode  is  placed  at  the  bottom  section  of  the  coaxial  line  shown  in 
Fig.  4.2a.  The  opposite  end  of  the  coaxial  line  has  dc  isolation. 
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MEASUREMENT  SETUP  FOR  SINGLE- FREQUENCY  OPERATION. 


but  exhibits  a  short  circuit  for  the  RF  signal.  The  RF  absorption 


material  is  used  to  suppress  any  possible  instability  at  low  fre¬ 
quencies  as  well  as  any  possible  RF  leakage.  A  waveguide  backshort 
terminates  one  of  the  waveguide  ports  for  the  purpose  of  frequency 
tuning.  The  E-H  tuner  is  used  at  the  waveguide  output  for  matching 
of  the  oscillator  to  the  external  load.  The  diode  is  placed  at  a 
distance  of  approximately  three-quarter  wavelength  measured  from  the 
waveguide  main  axis.  The  diode  bias  is  provided  through  the  center 
conductor  of  the  coaxial  line  section.  The  quarter-wavelength  trans¬ 
former  and  spacer  are  replacable  components  of  the  circuit  which  helps 
to  accommodate  the  circuit  adjustment  for  a  required  impedance  level 
presented  by  the  diode. 

The  equivalent  circuit  for  the  coaxial -waveguide  junction,  which 
constitutes  a  major  part  of  the  oscillator,  was  studied  by  many 
authors.99"101  On  this  basis,  the  equivalent  circuit  elements  are 
usually  expressed  in  terms  of  the  sums  of  infinite  series  related  to 
the  dimensions  of  the  waveguide  junction  circuit.  Here,  for  simplic¬ 
ity,  an  approximate  equation  for  the  circuit  input  resistance  looking 
from  the  coaxial  line  port  to  the  waveguide  has  been  derived  assuming 
that  the  RF  current  distribution  in  the  center  conductor  of  the 
coaxial  line  is  an  impulse.101  The  input  resistance  R  associated 
with  the  only  propagating  mode  (TE  )  is  given  by 


R. 

m 


2b  Z 


w  .  2 
—  sin 


sin 


(SO 


tan  ( kb )  2 
kb 


(U.3) 


where 


2 


(fc.U) 


k  and  8  are  wave  numbers  for  the  TEM  and  TE  modes,  respectively ; 

10 

a  and  b  are  the  width  and  height  of  the  waveguide,  respectively; 
c  and  i  are  the  distances  measured  from  the  center  conductor  of  the 
coaxial  line  to  the  waveguide  side  wall  and  the  backshort,  respec¬ 
tively;  and  eQ  and  yQ  are  the  permittivity  and  permeability  of 
vacuum,  respectively.  The  preceding  expression  indicates  that  the 
input  resistance  strongly  depends  on  the  position  of  the  center 
conductor  of  the  coaxial  line  relative  to  the  waveguide  side  wall 
and  waveguide  height.  In  the  oscillator  circuit  used,  the  center 
conductor  is  shifted  close  to  the  waveguide  side  wall  in  order  to 
make  the  circuit  input  resistance  presented  close  to  the  low 
impedance  of  an  IMPATT  diode. 

The  GaAs  and  Si  diodes  were  measured  in  the  pulsed  mode  of 
operation.  A  pulse  width  of  1  ys  with  a  duty  cycle  of  10  percent 
was  applied.  By  adjusting  the  diameter  of  the  quarter-wavelength 
transformer  and  the  thickness  of  the  spacer,  the  maximum  RF  peak 
power  measured  for  each  quarter-wavelength  transformer  is  indicated 
in  Fig.  4.3.  The  power  sensor  (thermistor)  used  was  able  to  detect 
not  only  the  power  of  the  fundamental  frequency  but  also  the  power 
at  the  harmonic  frequencies  generated  by  the  oscillator.  The 
actual  power  at  the  fundamental  frequency  was  less  than  that  indi¬ 
cated  in  Fig.  4.3.  However,  the  transforming  section  was  not  exactly 
a  quarter  wavelength  at  the  harmonic  frequencies  so  the  output  power 
due  to  the  harmonic  signals  was  negligibly  small. 

The  maximum  fundamental  power  of  the  GaAs  diode  was  256  mW 
for  a  5-Q  transformer  at  =  26.51  GHz  and  I  (pulsed  current 
amplitude)  =  310  mA.  The  Si  diode  generated  a  maximum  fundamental 
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power  of  9.3  mW  at  f  =  28.69  GHz  and  I  =  110  mA.  This  fundamental 

in 


frequency  is  slightly  higher  than  the  cutoff  frequency  of  the  TE 


20 


mode  of  the  waveguide  used  in  the  experiment.  It  was,  therefore. 


possible  that,  in  addition  to  the  TE  mode,  the  higher  mode  TE 

10  20 


could  also  exist  within  the  circuit,  but  its  presence  could  not  be 
distinguished  by  the  measuring  system  used.  It  was  found  from  the 
measurement  that  as  the  fundamental  frequency  exceeds  the  cutoff 


frequency  of  the  TE  mode,  the  RF  output  power  decreases  rapidly. 

20 


This  implies  that  the  presence  of  higher  modes  has  a  significant 
effect  on  the  measured  power  level  at  the  fundamental  frequency  for 
the  Si  diodes. 


The  series  resistance  of  the  GaAs  diode,  according  to  Adler- 


103 


stein  et  al.,  could  be  calculated  using  the  following  formula: 
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where  I  is  the  current  at  the  start  oscillation  condition.  For 
s 

the  GaAs  diode  used,  C  =  1.03  pF,  9^  =  0.86tt,  a'  =  0.22  V”1, 

I  =  130  mA  and  f  =  26.32  GHz.  The  resulting  series  resistance  was 

S  1 

approximately  0.347  fl.  For  evaluation  of  the  series  resistance  of 
the  Si  diode  used,  the  value  of  a'  was  taken  to  be  equal  to  the 
average  value  for  electrons  and  holes  in  Si.  The  values  of  the 
other  parameters  were  C  =  0.8  pF,  0^  =  0.42  7 r,  I  =  70mA  and 
f  =  26.32  GHz.  The  series  resistance  in  that  case  was  0.44  fi. 


4.4  Measurement  of  Harmonic  Power  Generation  in  Multifrequenc: 


Vi 


Operation 

In  order  to  maximize  the  RF  power  at  the  fundamental  or  harmonic 
frequencies,  the  oscillator  circuit  should  be  designed  in  such  a  way 
that  it  would  enable  separation  of  each  harmonically  related  signal 
and  also  provide  an  independent  tuning  capability  at  each  signal 
frequency.  A  simple  way  of  realizing  such  a  circuit  is  to  utilize 
waveguides  as  the  transmission  lines  since  they  possess  low  loss 
and  specified  cutoff  frequency  properties. 

Two  different  waveguide  oscillator  circuits  were  designed  for 
multi frequency  operation.  One  circuit  consists  of  two  waveguide  sections 
coupled  together  and  the  other  circuit  consists  of  three  waveguide 
sections  coupled  together.  Both  circuit  structures  are  shown  in 
Fig.  4.4.  The  waveguide  exhibits  a  high-pass  filter  property; 
therefore,  it  is  possible  to  separate  the  fundamental  and  harmonic 
signals  from  one  another  by  a  proper  selection  of  the  waveguide 
cutoff  frequency.  The  following  table  shows  the  cutoff  frequency 
fc  and  the  useful  frequency  band  f^  for  several  waveguides  used  for 
oscillator  circuit  realization. 

Table  4.1 


Cutoff  Frequency  and  Frequency  Band  of  the  Waveguides 
Waveguide 


Type 

WR-42 

WR-28 

WR-22 

WR-15 

WR-12 

WR-10 

f  (GHz) 
c 

14.05 

21.1 

35.35 

39.9 

48.4 

59.05 

f  (GHz) 

U) 

18  to 
26.5 

26.5  to 

40 

33  to 

50 

50  to 

75 

60  to 

90 

75  to 
110 
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INSULATION 

LAYER 


RF  ABSORPTION 
MATERIAL 

RF  CHOKE 


The  two-waveguide  circuit  employs  the  WR-42  and  WR-28-type 
waveguides.  The  measurement  setup  for  the  two-waveguide  circuit  is 
shown  in  Fig.  4.5.  For  the  fundamental  power  measurement  using  the 
WR-42  waveguide,  a  metallic  short  was  employed  at  one  port  of  the 
E-H  tuner  connected  to  the  WR-28  waveguide  section.  For  the  second 
harmonic  power  measurement  using  the  WR-28  waveguide,  a  metallic 
short  was  employed  at  the  E-H  tuner,  which  was  connected  to  the  WR-42 
waveguide  section.  Since  the  operating  fundamental  frequency  Df  the 
GaAs  diode  was  approximately  20  GHz,  its  third-harmonic  frequency  was 
approximately  60  GHz.  Therefore,  it  was  necessary  to  insert  a  sec¬ 
tion  of  the  WR-12  waveguide  into  the  output  of  the  measuring  setup 
in  order  to  filter  out  the  fundamental  and  second-harmonic  signals 
from  the  measured  third-harmonic  signal. 

The  GaAs  diode  was  measured  under  the  same  pulsed  bias  cur¬ 
rent  condition  as  that  used  for  its  single-frequency  operation.  The 
adjustable  backshort  and  E-H  tuner  were  used  at  each  frequency  output 
in  order  to  ensure  the  maximum  RF  power  generation.  Figure  4.6 
shows  the  measured  RF  peak  power  as  a  function  of  the  pulsed  bias 
current  amplitude.  The  maximum  fundamental  power  obtained  from  this 
measurement  was  175  mW  at  t1  =  22.587  GHz  with  a  pulsed  bias  current 
of  260  mA.  The  corresponding  efficiency  was  2.99  percent.  The 
maximum  second-harmonic  power  obtained  was  2  mW  at  f  =  45.59  GHz, 
and  the  maximum  third-harmonic  power  was  17  pW  at  f  =  67.69  GHz.  It 
is  noted  that  the  second-harmonic  power  is  19.4  dB  below  the  fun¬ 
damental  power  and  the  third-harmonic  power  is  39  dB  below  the 
fundamental  power.  The  results  obtained  are  comparable  with  those 
predicted  by  the  analytic  model  discussed  in  Chapter  III. 
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Qualitatively  they  are,  however,  still  much  lower  than  those  obtained 
from  the  computer  simulation  discussed  in  Chapter  II. 

The  operating  fundamental  frequency  of  the  Si  diode  was 

approximately  30  GHz,  which  is  well  above  the  cutoff  frequency  of 

the  TE  mode  in  the  WR-^2  waveguide.  In  this  situation,  the  TE 
20  20 

mode  and  subharmonic  signal  were  possibly  present  in  the  circuit. 
Therefore,  an  accurate  power  measurement  for  the  Si  diode  was  difficult 
to  carry  out. 

Two  three-waveguide  oscillator  circuits  were  designed  for  char¬ 
acterization  of  the  GaAs  and  Si  diodes,  respectively.  The  circuit 
used  for  the  GaAs  diode  consists  of  WR-U2,  WR-22  and  WR-15  waveguide 
sections,  and  the  one  used  for  the  Si  diode  consists  of  WR-28,  WR-15 
and  WR-12  waveguide  sections.  The  diode  heat  sink  and  mounting  holder 
were  placed  under  the  waveguide  section  (WR-U2  or  WR-28)  employed  for 
measurement  of  the  fundamental  power.  The  harmonic  signals  generated 
from  the  diode  were  coupled  to  the  other  waveguide  sections  via  the 
mounting  post  passing  through  the  holes  between  the  waveguides.  The 
coupling  magnitude  between  the  waveguides  depended  on  the  post  and 
hole  diameters.  A  large  post  diameter  introduced  a  small  inductance 
to  the  circuit.  The  hole  diameter  in  the  three-waveguide  circuit 
discussed  was  restricted  by  the  actual  width  of  the  narrowest  wave¬ 
guide  used  in  the  circuit.  The  ratio  between  the  post  and  the  hole 
diameters  was  kept  around  0.7«  By  reducing  this  ratio,  the  increase 
of  the  capacitance  between  the  post  and  the  holes  leads  in  consequence 
to  the  increase  of  the  coupling  magnitude  between  waveguide  sections 
for  the  fundamental  and  harmonic  signals.  By  increasing  this  ratio, 
the  power  at  the  fundamental  is  decreased. 


The  measurement  setup  for  the  GaAs  diode  is  shown  in  Fig. 

4.7.  The  diode  was  biased  in  the  same  manner  as  for  the  two-waveguide 
circuit.  The  RF  power  at  each  frequency  was  measured  using  reactive 
terminations  at  the  remaining  signal  ports.  The  measured  RF  peak 
power  values  obtained  are  shown  in  Fig.  4.6.  The  maximum  fundamen¬ 
tal  power  was  235  mW  at  f  =  26.14  GHz  with  a  current  of  275  mA.  The 
corresponding  second-harmonic  power  was  0.87  mW  at  f  =  50.95  GHz, 
but  the  third-harmonic  power  was  too  small  to  be  detected. 

The  second-harmonic  power  measured  for  the  GaAs  diode  in  the 
three-waveguide  circuit  is  smaller  than  that  obtained  from  the  two- 
waveguide  circuit.  The  difference  is  probably  due  to  the  coupling 
magnitude  between  the  waveguide  sections  designated  for  the  funda¬ 
mental  and  second-harmonic  signals.  In  the  three-waveguide  circuit, 
the  waveguide  sections  for  the  fundamental  and  second-harmonic  signals 
were  separated  from  each  other  by  that  for  the  third-harmonic  signal. 
This,  in  turn,  caused  an  increase  of  the  circuit  reactance  pre¬ 
sented  to  the  diode  at  the  second  harmonic  and  reduced  the  coupling 
between  the  waveguide  sections  for  the  fundamental  and  second -harmonic 
signals.  The  reason  for  a  low  level  of  the  third-harmonic  power 
below  the  detection  level  was  probably  due  to  the  fact  that  the 
fundamental  waveguide  section  was  too  long  so  that  the  third-harmonic 
power  was  dissipated  in  this  waveguide  section  rather  than  being 
coupled  to  the  third-harmonic  waveguide  (WR-15). 

For  the  Si  diode,  the  measurement  of  the  funda  .ental  and 
harmonic  powers  was  conducted  using  the  following  procedures: 

1.  Simultaneous  measurements  were  performed  of  the  RF  power  at 
the  fundamental  and  harmonic  frequency  without  using  a  reactive 
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termination  for  any  signal.  The  corresponding  measurement  setup 
is  shown  in  Fig.  4.8. 

2.  The  P.F  power  was  measured  at  each  frequency  employing 
reactive  terminations  for  the  remaining  two  signals.  The  corres¬ 
ponding  measurement  setup  is  similar  to  that  shown  in  Fig.  4.7. 

The  measured  results  are  shown  in  Fig.  4.9.  The  best  result 
obtained  for  the  power  at  the  fundamental  frequency  was  15  mW  at 
f  =  32.43  GHz.  The  maximum  level  for  the  second-harmonic  signal 
power  was  0.17  mW  at  f  =  64.95  GHz.  The  maximum  power  at  the  third 
harmonic  was  2.2  pW. 

4.5  Discussion 

The  results  obtained  indicate  that  the  GaAs  and  Si  diodes 
did  not  generate  a  significant  amount  of  the  RF  power  at  the  funda¬ 
mental  and  harmonic  frequencies,  which  could  mean  that  the  diodes 
did  not  operate  at  their  optimum  conditions.  The  possible  reasons 
for  that  situation  are  discussed  in  the  following: 

1.  The  effect  of  diode  series  resistance.  From  the  calculation 
made  previously,  the  series  resistance  of  the  GaAs  diodes  is  approxi¬ 
mately  equal  to  0.347  ft,  which  is  relatively  large  for  this  device.  The 
series  resistance  of  the  Si  diode,  which  has  a  nonpunch- through  struc¬ 
ture,  is  approximately  equal  to  0.44  Q.  A  large  value  of  the  series 
resistance  restricts  the  RF  voltage  swing  in  the  diode  so  that  the 
depletion-layer  modulation  effect  cannot  take  place  and  also  absorbs 
much  of  the  useful  RF  power.  Consequently,  the  harmonic  current 
generation  is  limited  and  the  harmonic  power  delivered  to  the  output 
is  small.  By  increasing  the  dc  current  it  is  possible  to  increase 
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the  harmonic  power,  but  it  can  lead  to  an  excessive  temperature  in 
the  diodes.  Furthermore,  the  effect  of  low-frequency  instability 
also  prevents  a  high  pulsed  current  from  being  used.  It  can  be 
concluded  that  the  best  way  to  improve  the  RF  power  level  at  harmonic 
frequencies  is  to  reduce  the  diode  series  resistance. 

2.  Matching  and  coupling  structure.  In  order  to  measure  the 
RF  power  at  the  harmonic  frequencies,  the  oscillator  circuit  should 
not  only  provide  a  proper  impedance  level  to  match  the  diode  at  the 
optimum  condition,  but  it  should  also  assure  proper  coupling  between 
the  waveguide  sections  at  the  fundamental  and  harmonic  frequencies. 
The  coupling  in  the  circuit  was  via  the  metallic  post  and  the  holes 
between  the  waveguide  sections.  The  coupling  hole  for  the  funda¬ 
mental  frequency  waveguide  section  contributes  a  significant  dis¬ 
continuity  capacitance,  which  in  turn  affects  the  diode  performance 
at  the  fundamental  frequency.  Therefore,  a  tradeoff  must  be  made 
between  the  diameters  of  the  post  and  holes  in  order  to  arrive  at 

an  optimum  condition  for  maximum  RF  harmonic  power.  In  addition, 
by  placing  the  harmonic  frequency  waveguide  section  as  close  as 
possible  to  the  fundamental  frequency  waveguide  section,  the  effect 
of  reduced  post  inductance  leads  to  an  increase  of  harmonic  power. 
Keeping  the  fundamental  frequency  waveguide  section  as  short  as 
possible  can  also  improve  the  RF  power  loss,  particularly  at  the 
harmonic  frequencies. 

3.  Diode  biasing  circuit.  Low-frequency  oscillation  creates 
a  serious  problem  especially  when  using  the  GaAs  diodes.  It  was 
observed  that,  for  the  GaAs  diode,  when  the  pulsed  current  exceeded 

a  certain  level  (approximately  l80  mA),  the  low-frequency  oscillation 


occurred  in  the  circuit.  With  the  presence  of  this  type  of 
instability,  the  RF  power  level  drops  dramatically  due  to  the 
parametric  effects  between  the  low-frequency  and  fundamental- 
frequency  signals.  Consequently,  this  effect  imposes  a  limit  on 
the  maximum  current  that  can  be  applied  to  the  diode  without  causing 
any  serious  damage  to  the  diode.  The  best  way  to  suppress  the  low- 
frequency  instability  is  to  increase  the  bias  circuit  resistance  for 
frequencies  in  the  MHz  region  by  using  RF  absorption  material  in  the 
circuit  and  properly  designing  the  bias  choke. 


CHAPTER  V 


CONCLUSIONS  AND  SUGGESTIONS  FOR  FUTURE  WORK 

5.1  Conclusions 

The  objective  of  this  study  was  to  investigate  the  harmonic 
power  generation  capability  of  IMPATT  diodes  of  various  structures. 
Both  theoretical  calculations  and  experimental  investigations  were 
conducted  to  accomplish  this  goal.  In  this  chapter,  the  most  sig¬ 
nificant  conclusions  are  reviewed  and  some  suggestions  for  future 
work  are  discussed. 

The  first  part  of  Chapter  II  was  devoted  to  the  problem  of 
conventional  IMPATT  diodes  having  different  doping  structures.  The 
effects  of  avalanche  multiplication,  the  drift  process,  and  depletion- 
layer  modulation  were  discussed  in  terms  of  the  diode  single¬ 
frequency  operation.  The  first  two  mechanisms  are  important  for 
performance  at  the  fundamental  frequency,  but  the  latter  one  is 
essential  for  harmonic  signal  generation.  In  order  to  induce  a 
depletion-layer  modulation  effect,  the  diode  should  be  driven  at  a 
high  level  of  fundamental  frequency  voltage.  The  depletion-layer 
modulation  effect  also  can  be  affected  by  the  presence  of  a  harmonic 
voltage  signal.  In  order  to  maintain  the  diode  in  the  active  mode  of 
operation,  the  applied  harmonic  voltage  must  properly  delay  the  onset 
of  the  depletion-layer  modulation.  For  third-harmonic  performance, 
this  will  increase  the  phase  delay  of  the  third-harmonic  current  and 
decrease  the  amplitude  of  the  third- harmonic  current.  The  third- 
harmonic  power  generation  tends  to  saturate  at  a  certain  level  of 
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the  third-harmonic  voltage.  Because  of  a  small  dependence  of  the 
third-harmonic  current  on  the  third-harmonic  voltage  level,  the 
C-aAs  and  Si  uniform  diodes  exhibit  better  third-harmonic  perfor¬ 
mance  than  the  GaAs  double-Read  and  Si  hybrid  diodes.  The  GaAs 
uniform  diode  attains  the  highest  third-harmonic  efficiency  because 
of  the  field-dependent  velocity  characteristic  of  the  electrons  of 
the  GaAs  material.  The  Si  uniform  diode  gives  the  highest  third- 
harmonic  power  because  of  the  high  thermal  conductivity  and  saturated 
velocity  levels  of  the  Si  material. 

The  second  part  of  Chapter  II  was  devoted  to  the  investigation 
of  the  pin  diode  structure  operated  in  a  passive  mode.  The  diode 
performance  for  different  device  lengths  in  single-frequency  operation 
was  calculated  and  compared  in  terms  of  space-charge  and  transit¬ 
time  effects.  The  device  length  determines  the  device  RF  power  per¬ 
formance,  since  it  determines  the  space-charge  and  transit-time 
effects,  both  of  which  in  turn  affect  the  build-up  and  fall-off  of 
the  induced  current.  For  a  long  length  diode  structure,  both  effects 
significantly  degrade  the  harmonic  current  generation.  The  harmonic 
current  generation  can  be  improved  by  reducing  the  device  length,  but 
the  corresponding  device  impedance  level  will  decrease  proportionally. 
An  appropriate  third-harmonic  voltage  can  also  improve  the  third- 
harmonic  current  generation  by  improving  the  induced  current  wave¬ 
form.  These  improvements  are  limited  by  the  fact  that  the  third- 
harmonic  current  amplitude  cannot  exceed  twice  the  dc  current.  There¬ 
fore,  the  diode  will  achieve  the  optimum  third-harmonic  power  genera¬ 
tion  for  a  certain  device  length.  This  optimum  device  length  depends 
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on  the  operating  fundamental  frequency,  but  seems  to  be  less  dependent 
on  the  dc  current  density  at  low  dc  current  density  levels. 


In  Chapter  III,  an  analytic  model  for  three-frequency  operation 
was  developed  to  investigate  the  small-  and  large-signal  performances 
of  a  GaAs  double-Read  diode  under  the  presence  of  harmonic  signals. 

For  achieving  better  third-harmonic  power  generation,  a  large  amplitude 
of  fundamental  frequency  voltage  is  required.  However,  because  of  the 
lack  of  the  depletion-layer  modulation  effect,  the  third-harmonic 
output  power  obtained  is  low.  The  presence  of  a  proper  second-harmonic 
voltage  can  improve  the  third-harmonic  output  power  to  some  extent, 
but  the  presence  of  diode  series  resistance  significantly  reduces  the 
available  RF  output  power.  Since  the  harmonic  voltages  are  usually 
small  in  magnitude  compared  to  the  operating  fundamental  voltage, 
the  stability  of  the  oscillator  was  found  to  be  strongly  dependent  on 
the  fundamental  frequency  operating  circuit  conditions. 

In  Chapter  IV,  several  waveguide  circuits  were  designed  for 
measurement  of  the  RF  output  power  of  the  GaAs  double-Read  diodes  and 
Si  single-drift  uniform  diodes.  These  diodes  were  found  to  have 
high  series  resistances.  Hence  the  measured  harmonic  power  was  low. 

It  was  found  that  the  coupling  structure  of  the  circuit  should  be 
optimized  in  order  to  obtain  better  power  performance. 

5.2  Suggestions  for  Future  Work 

In  order  to  optimize  the  power  generation  at  the  harmonic 
frequencies  using  IMPATT  diodes,  the  following  future  research  is 
recommended.  For  conventional  IMPATT  diodes,  the  Si  diode  with 
uniformly  doped  structure  appears  to  be  the  most  promising  diode 


for  harmonic  power  generation.  It  is  believed  that  optimizing  the 
punch-through  factors  on  both  the  p  and  n  sides  of  the  diode  can 


further  improve  the  harmonic  power  generation.  Pulsed  mode  operation 
is  another  area  worthy  of  investigation  in  order  to  gain  further 
understanding  of  the  limitations  of  the  conventional  IMPATT  and  pin 
diode  structures  for  harmonic  power  generation.  Definitely,  in 
pulsed  mode  operation,  the  space-charge  effect  has  a  great  influence 
on  the  diode  performance.  It  is  noted  that,  in  the  millimeter-wave 
frequency  range,  the  drift-diffusion  model  employed  for  computer 
simulation  is  still  valid  for  the  Si  diodes,  but  some  corrections  are 
needed  for  the  GaAs  diodes.  If  the  depletion-layer  modulation  effect 
could  be  modeled  properly,  the  analytic  model  proposed  would  also  be 
useful  for  analyzing  the  diode  performance  under  the  high  RF  voltage 
swing  conditions.  It  would  be  interesting  to  obtain  practically  some 
uniformly  doped  IMPATT  diodes  and  pin  diodes  with  different  lengths. 
The  immediate  need  for  this  is  to  develop  a  technique  that  would 
reduce  significantly  the  series  resistance  inherent  in  the  diodes 
and  to  design  a  waveguide  circuit  with  improved  coupling  between  wave¬ 
guide  sections  without  degradation  of  the  diode  performance,  assuring 
an  independent  circuit  adjustment  at  each  signal  frequency. 
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